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PREFACE 


9-J9-S? 


This course was developed over the past four years while in use as a 
training program for computer technicians and field engineers. Its aim is 
to provide an easy path to a fundamental digital computer background. 

It has been the experience of the computer field that persons who wish 
to learn about computers, or expand their knowledge of them, face a com¬ 
mon initial task: regardless of what system they are learning, they must 
first become oriented to “computer thinking.” They must learn the back¬ 
ground, the language, and the basic elements. They must become familiar 
with the fundamental concepts of storage, control, timing, arithmetic, and 
programming. With this background mastered, it becomes relatively easy 
to learn the details of any specific computing system. 

Material is included in these volumes on the basis of its being common to 
or representative of digital computers in general. The book therefore fits 
naturally into the “basic” electronic series. The material is not difficult 
when reduced to fundamentals, but many of the ideas are unfamiliar in 
the experience of the average technician, and therefore the value of clear 
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illustrations is even greater than usual. For this reason the subject matter 
has been distilled into easy-to-learn “picture book” form. It is presented 
especially to serve as an effective aid to men entering the computer or 
allied fields. 

The author is very grateful to his many associates of Burroughs Corpora¬ 
tion and to others who read and commented on preliminary drafts, ot who 
otherwise offered valuable assistance in this work. For their generous ad¬ 
vice and criticism I would like especially to thank R. P. Mayer of Lincoln 
Laboratory, Massachusetts Institute of Technology, C. F. Lee of Reming¬ 
ton Rand Univac, and D. T. Best of Burroughs Corporation. 

Philadelphia J. S. MURPHY 

June 1958 
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EARLY THOUGHTS ON COMPUTERS 


Mem and Mathematics* 

Men have always been fascinated by mathematics, but bored by the 
drudgery of. computation. It is a challenge for the mathematician to solve 
a problem. If the problem is very large, however, the actual computation 
is just plain hard work. That is why men have always devised computing 
tools that make this work easier. 
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The latest of these computing tools is the electronic digital computer. 
It is by far the most powerful and versatile computing tool which has 
ever been developed. It works at amazingly high speeds, and it does a 
number of jobs that computing tools have never done before. 
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EARLY THOUGHTS ON COMPUTERS 


Typical Applications 

We are already using computers to predict weather, prepare, electric bills, 
and to make out pay checks; For Use military, computers control the flight 
of guided missiles, calculate the most strategic and efficient assignment 
of troops, and figure out the smooth flow supply with mihiraum waste. 
In industry, computers are being used to solve design problems, maintain 
control of inventory, determine what products can most profitably be 
marketed, and even control complicated manufacturing processes. 
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EARLY THOUGHTS ON COMPUTERS 


Mechanical Machines 


(he electronic digilril lumpuTe 


modern office machinery 


STEPPING 

STONES 


The familiar, work-a*day adding machine and desk calculator are the 
ancestors of electronic digital computers. Today’s mechanisms are the 
logical developments of adding machines and calculators, and it is best 
to approach them in terms of that background. In the course of this book, 
we shall trace the development of computers from these earlier machines. 









EARLY THOUGHTS ON COMPUTERS 


Arithmetic 

When we do arithmetic with pencil and paper, we first write down on 
paper the numbers to be added or subtracted in the simple examples 


THE MOST BASIC EQUIPMENT FOR DOING ARITHMETIC 


AND ONE SYSTEM OF SYMBOLIZING QUANTITIES 


The real arithmetic is done in our brains. We happen to have learned and 
remembered that 5 plus 2 equals 7, and S minus 2 equals 3. We write the 
numbers on paper simply to structure the problem, and remember the 
answer. 

We represent our numbers on paper with characters of peculiar shapes 
that we have learned to associate with certain quantities. We have mem¬ 
orized that the shape “5” represents a quantity of five items, and the 
shape “2” represents the quantity of two items. These little marks bn 
paper are not the only way of representing quantity—another way to show 
the quantity “2" is to hold up two fingers. As every child in first grade 
knows, we can use our fingers not only for representing quantity, but 
also for demonstrating the process of arithmetic. All of us have at one 
time or another held up five fingers to represent the quantity five, and 
then added two more fingers to increase the quantity to seven. 











EARLY THOUGHTS ON COMPUTERS 


Beads and Seed* 

If numbers can be represented bjr fingers* they can be represented by 
other things as well; ten stones or any other ten items would do as well 
as ten fingers- Thousands of years ago someone strung beads in groups of 
ten on a frame qf wire or reeds, making a computing tool which developed 
into the abacus. The beads, which took the place of fingers, could be moved 
easily and rapidly. The' abacus, soroban (shown below) and similar de¬ 
vices are still used today. In the hands of skillful operators they rival 
the speed of our modern mechanical calculators. 


These tools are a far cry from the modern automatic computer—there is 
nothing automatic about them. Not a bead moves unless the operator 
moves it. Because of this, the device is a marvel of simplicity and is easily 

coin is that their 


built with primitive equipment. The reverse of this 
speed and accuracy are liable to the human errors of the operator. 


PRIMITIVE MEANS OF REPRESENTING 
AND MANIPULATING QUANTITIES 


TO BEADS 
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FIRST MECHANICAL COMPUTERS 


Nipier’s Bones 


Calculator • Blaise Pascal (1842) 


Ham Vtsn liebmfe {1672] 


The beginning of modern machines dates back to the seventeenth century. 
Many of the famous mathematicians of that time (Pascal, Liebnitz and 
Napier) invented mechanical computing devices. Pascal’s machine is par¬ 
ticularly important because it introduced some of the basic principles and 
basic mechanisms which are still used in our machines. 
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FIRST MECHANICAL COMPUTERS 


Ten Teeth 

Pascal used ten items to take the place of ten fingers, but instead of stretch¬ 
ing them out in a straight line like the beads of an abacus, Pascal arranged 
them in a circle. He Used a wheel with ten serrations (teeth) around it 
to represent numbers. Each of the ten teeth represented one of the digits 
“0” to “9”, This type of wheel is called a decimal counting wheel. 


We can. enter a number into such a wheel by turning it until the tooth 
representing that number is in line with an index or a viewing window. 
For example, the three wheels at the bottom are storing the number 627, 
We can add the number 111 to it by turning each of the wheels one notch 
so that the teeth representing the numbers 7, 3, and 8 are at the windows, 
indicating the sum of 738. 


THREE 10-TOOTH WHEELS STORING THE NUMBER 627 
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FIRST MECHANICAL COMPUTERS 


function is performed 


entirely by HAND 


MECHANICALLY 
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AUTOMATICALLY 


and without moving parts in the electronic digital computer 


the machine 
runs through' 
the entire 
program nonstop 


solution 




Pascal encountered the one difficulty which the designer of computing 
machines always faces—when working with mechanics or with electronics 
the operator is no longer in close contact with the operation. This is true 
of a modern adding machine as compared with a soroban, on which the 
operator has direct contact with the numbers of his beads. When a carry 
is required* as when he adds 6 to 4, he can personally carry the 1 into the 
next column. His fingers control the beads, so he knows when to carry. 










FIRST MECHANICAL COMPUTERS 


The Automatic Carry 

A machine which adds mechanically must Itself recognize when to carry. 
Thus, when a number 'is added the carry must also be taken 

care of mechanically, and therefore automatically, just as the mileage 
meter in an automobile recognizes when any column is going from 9 back 
to 0, and automatically adds 1 to the neat column to the left, Providing 
a carry mechanism which would do this automatically was a major prob* 
lem in Pascal’s machine. It is stilt a problem in all computers^ 


Pascal’s carry mechanism is significant as the beginning of automatic 
computing because it removes a function from the operator tothe. machine. 
This is generally true: as the operator has less and less control over the 
operation, the machine must become more and more complex. Functions 
must be built into the mechanism of the automatic machine for whatever, 
in the simpler machine, depended upon the intelligence of the operator. 






FIRST MECHANICAL COMPUTERS 


The First Commercial Adding Machine 

Pascal's invention was a practical failure, as were the other adding machines 
that were constructed from time to time over the next two centuries. 
They failed not so much because the ideas were bad, but because the 
technology of the day was not far enough advanced to produce reliable 
mechanical devices. Mechanical computation was not actually introduced 
until 1885, when William Seward Burroughs produced the first salable 
adding machine. The idea of mechanical calculation was accepted—slowly 
at first—-by the world of business. It had more and more computing to do, 


These first machines were only able to perform additions; later they were 
improved so that they could subtract as Well. However, they could not 
multiply or divide automatically,, since these are more complex operations. 










FIRST MECHANICAL COMPUTERS 


Desk Calculators 

A great many problems of business involve only addition and subtraction. 
For instance, a bank can keep track of checking accounts by using only 
addition for deposits and subtraction for withdrawals. For problems such 
as these, adding-subtracting machines are adequate. They are inadequate, 
however, for scientific and engineering computations which involve many 
multiplications and divisions. Computations of this type were usually 
done on slide rules. However, the answer on a slide rule is only a visual 
approximation; it does not have the precision that is often required. 


DESK CALCULATORS 
DO ARITHMETIC 
WITH SPEED 
AND PRECISION 


As technology advanced, the demand for fast calculators which could 
multiply and divide became greater and greater, A temporary answer came 
at the time of the first World War, when desk calculators were developed. 
These machines could perform arithmetic by keyboard control. 
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FIRST MECHANICAL COMPUTERS 


Arithmetic and Control 

It is worth noting that the type of mechanism which does the arithmetic 
in a desk calculator is very similar to that used in an adding machine. 
It consists of several decimal counting wheels with carry mechanisms 
and methods for transferring data into and out of the wheels. The develop¬ 
ment of desk calculators did not require a new mechanism for multiplica¬ 
tion because the old adder mechanism was used. It was only a matter of 
developing a control mechanism to make that adder operate over and 
over again in a carefully planned sequence. We will learn about this later. 


CONTaCH 

INSTRUCTIONS 


COMPUTING 
MECHANISM 

The two main parts of a desk calculator are the arithmetic (pronounced 
ar' itb MET' ic) unit and the control unit. The. arithmetic unit handles the 
numbers. The control unit tells the arithmetic unit how and when to handle 
them. As the machine becomes more and more automatic, the control unit 
tends to become larger and more important, because it assumes more and 
more of the operator’s functions. 












FIRST MECHANICAL COMPUTERS 


Babbage's Folly 

It often happens in a new field of development that there is a man of 
genius who attempts things far ahead of his time. Charles Babbage, a 
professor of mathematics at Cambridge University in the 1830’s, attempted 
to build an automatic mechanical calculator 50 years before a practical 
adding machine was introduced. He failed because the technical prob¬ 
lems of construction were too great and his support too little. He produced 
only a useless heap of machinery which became known as “Babbage’s 
Folly.” However, the thought that Babbage put into the design of his 
machine was recorded, and it has provided us with some of the basic 
ideas used in modern computers. 


Babbage proposed a tnachihe using decimal counting wheels that was 
able to complete an addition operation in one second. It was to be largely 
automatic and not dependent upon operator action. Babbage realized he 
would lose speed if the machine had to stop after every operation and 
wait for an operator to make every entry of data. To achieve the speed 
required he had to accelerate the entry of data as well as the computing. 
This is clear when we think of a desk calculator into which the operator 
makes entries from data recorded on a work sheet; Babbage had to build 
into his machine both the function of the work sheet (which ts the store 
of data) and the function of the operator (who enters it). Data had to 
be stored in a form that could be fed rapidly and mechanically into the 
machine whenever it was needed, 


(1-13) 






FUNDAMENTALS OF THE DIGITAL COMPUTER 


The Store. Mill and Control 

Babbage divided his machine into three parts* which he called the store, 
the mill, and the control. The store was the part which held all the data 
which would be used during the course of a long computation. The mill 
worked on that data. The control was the automatic operator. 
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The data in the store was arranged in orderly fashion ready to be trans¬ 
ferred into the mill when it was needed. The mill contained the arithmetic 
unit. When the mill finished each computation, the control would bring 
more data from the store. The term ^store” is still used to identify the 
data storage elements in British computers. In America, however, this unit 
has become known as the "memory” because of a tendency to compare 
computers with human beings. 












FUNDAMENTALS OF THE DIGITAL COMPUTER 


Stored Instructions 

Babbage soon saw that a data store alone did not make his machine auto- 
matic. It was not enough to have the data available at high speed; the 
machine also had to know whether to add, subtract, multiply or divide* 
The operator of a desk calculator first keys in the data and then presses 
an instruction key, such as the key labeled “multiply” To benefit from 
high speed operation, both data and instructions must be available at high 
speed; Babbage saw that he must have an instruction store as well as a 
data store. He planned them as two separate stores. In a modern com¬ 
puter instructions and data are often both stored in the same memory. 


store 


control 


Babbage planned to have all of: the instructions required for a long series 
of operations prepared in advance and placed in the instruction store. The 
instructions were stored in the order in which they were to be performed. 
Whenever his mill finished one operation, it would ask for the next on© 
from the instruction store. 
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FUNDAMENTALS OF THE DIGITAL COMPUTER 
Putting the Relay to Work 

After the first World War the need for mass computation continued to 
grow rapidly. The amount of paper work required in business was rapidly 
increasing* and the demand for better computing and data-handiing equip¬ 
ment rose steadily. The same technology that created the demand for 
better methods of computing also provided the new techniques and com¬ 
ponents which made it possible to build better computing machines. 


THE RE&t It #ORK 



The first of these components to be put to work was the relay, already well 
known from its extensive use in telephone control and switching equip¬ 
ment. The relay is suitable for the control functions required in a calculator. 
For example, a relay in one position can indicate that it is time to transfer 
a directive from the instruction store into the control unit, and, in the 
other position, that the transfer is complete and it is time to perform the 
instruction. A relay might also he used to indicate whether or not a carry 
is required. But at first there was no obvious way for relays to handle data. 
How could a relay do the job done by a mechanical counting wheel ? 

( 1 - 16 ) 
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FUNDAMENTALS OF THE DIGITAL COMPUTER 


The Stepping Switch 

The problem with a relay is that it has only two positions, and 10 positions 
are required to represent the digits 0 . , . 9. To overcome this difficulty 
in the relay calculators, 10-position high-speed stepping switches are used, 
for these are equivalent to 10-position relays. This, in effect, provides an 
electro-mechanical counting wheel. It is similar to a mechanical counting 
wheel, but operated by an electrical impulse it gives an electrical output. 


Each time an electrical pulse is applied to its input, the switch steps to 
the next position. That stepping adds an electrical output on the next 
line, a move represented by the next higher number 0 . . , 9. To add the 
quantity 3 to this calculator, it was necessary only to provide three electrical 
pulses to the input. If 6 pulses Were provided, the switch would advance 
5 steps. 

The relay was relatively fast, and therefore relay calculators had to be 
automatic. They required data memories and instruction memories, and 
they applied many of the principles of control that were first formulated 
by Babbage. 
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FUNDAMENTALS OF THE DIGITAL COMPUTER 
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It wasn’t much later—in the early l940’s—that electronics entered the 
picture. If electrical relays were faster than mechanical wheels, how much 
faster would electronic elements be? A relay operates in approximately 
one-hundredth of a second. However, to consider the operating time of 
electronic elements, one must Idiink in tenM of millionths of a second, or 
microseconds,. The'' ferst electronic;; computer 1 ' built was able to perform 50 
additions in the time that it takes a single relay to switch contacts. 


the same 


WORK MUCH FASTER 


ELECTRONIC 


THAN DO RELAYS 


RADAR 


are used to represent 
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COMPUTERS 


It is not easy to achieve that speed, even today, with electronic components; 
when rapidly changing the voltage in an electronic circuit, one deals with 
electronic inertia. It is difficult to make the voltage on a wire change from 
one level to another in a small fraction of a microsecond. However, that 
has to be done in electronic computers, where numbers are represented 
electrically by pulses. Fortunately the electronics industry had already 
gained experience with pulses during the development of radar and TV. 










FUNDAMENTALS OF THE DIGITAL COMPUTER 


Flip-Flop 

The industry devised an electronic circuit analagbus to the relay. It is a 
vacuum-tube circuit (recently transistorized). Today:, this ineehanisnv is 
known as the flip-flop, trigger or toggle, The relay has two positions 
flip-flop has two states, and it is able to switch from one state to the other at 
a very high rate of speed. Like the relay, the flip-flop was found suitable for 
control functions, hut not for storing data, for it had only two states. 


armature 


relay 

armatere 


Ten states were required to replace the ten teeth of the counting wheel 
or the ten contacts of the stepping switch. The best substitute seemed to 
be the use of ten flip-flops, each representing one of the digits 0 . , , 9. 
This was done in the first electronic computers, 







fundamentals of the digital computer 


The Ring Counter 

The first all-electronic computer was the Mniac built by the University 
of Pennsylvania in 1943, E-niac used many of the computing techniques 
already known and practiced in, mechanical calculators, but its electronic 
components added speed. Of course it had to have a data memory, an 
instruction memory, and a large control unit to rtiake .its operation entirely 
automatic. The chief arithmetic unit in Eaiae was a counter of ten flip-flops 
known as a ring counter * because the elements are connected together 
electrically in a ring-shaped path. Only one flip-flop is set at a time, just 
as only one notch on a counting wheel is in position at one time. 


A ring counter is advanced electronically by a pulse on its input. Incoming 
pulses reset whichever flip-flop was set, and set the next flip-flop in line 
to increase the count by one. To advance this counter up to 3 it was 
necessary to provide three pulses on the input. Then, if four more pulses 
were applied to the input, the counter would advance to 7. To use such 
a counter, it is clear that the computer had to represent the quantity 3 as a 
tram of three pulses, the quantity 4 as a train of four pulses, and so forth 
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FUNDAMENTALS OF THE DIGITAL COMPUTER 


Work of the Progremuner 

If a machine can work faster, its time is more valuable. In the case of 
computers''^Wch'?cab-. ; :W<«Elc''s<b! very fast, time is valued down to the last 
microsecond. It would be wasteful to allow a large expensive computer to 
spend precious seconds waiting for an operator, or even for slow mechanical 
operations. Fast automatic operation is needed. A big computer must have 
a very fast memory, since it is the memory that supplies data and in¬ 
structions—it must have electronic speed for advantage to be made of the 
electronic speed of the arithmetic circuits. 


Before a computer can go through its paces, all of the data must be pre¬ 
pared and put into a form that the computer can "read” rapidly and 
automatically. All the instructions must also be prepared in advance, and 
stored in the order in which they will be used. Then the computer is 
ready, at the touch of a button, to perform the instructions automatically. 
As each instruction is finished, the control circuits receive the next one 
from the instruction store and perform it; The instructions automatically 
remove the data they require from the data store. In this manner, a com¬ 
puter can go through thousands upon thousands of instructions without 
stopping. 

Working like this, the machines sometimes seem to have intelligence of 
their own. This illusion occurs because so much control is built into the 
machine, and because the machine does not stop for instructions. How¬ 
ever, the instructions have been carefully thought out in advance and stored 
in the memory for later use. The sequence of instructions for the com¬ 
puter is called the program, and the man who prepares it is called a 
programmer. 
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FUNDAMENTALS OF THE DIGITAL COMPUTER 


Tbs Essence of a Computer 

This figure shows a very simplified block diagram of an electronic digitial 
computer. These basic units may be found in any computer; 

Some type of input and output unit must be used to provide a means of 
communication between the computer and the outside world. The input 
feeds data, and sometimes instructions, into the memory. The output gathers 
the results from the memory after they are computed. The input-output 
unit must be able to store data, as the memory does, but it does not have 
to work at electronic speed. For this reason it can use a magnetic tape or 
punched'paper tape or punched-card equipment. 


memory 


control 




represent* material with which the machine works 
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The memory holds all working data, and makes them available to the data- 
processing circuits at high speeds when they are needed. As results are 
computed, they are stored in the memory until required for further com- 
putaton, or until they are transferred to the output unit. 

The arithmetic-unit circuits include all the units required to perform the 
actual arithmetical or other operations performed by the computer. The 
control circuits cause the other units to function together as an integrated 
system in a fully automatic manner; 
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REVIEW 



Digital computers perform enormous 
amounts of vital mathematical calcula¬ 
tion for our military and private indus¬ 
try. Electronic computers operate with 
speeds and accuracy that their human 
and mechanical counterparts cannot 
begin to match. Versatility in the kinds 
ot mathematical problems they can be 
designed to solve is another asset of 
computers. 
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Beads on a string (abacus), then a toothed 
wheel (Pascal’s machine), were early at¬ 
tempts to substitute mechanical factors for 
fingers in the counting process. The first 
and most fundamental problem in com¬ 
puters was to provide for a carry of the 
extra digit of two-digit numbers (in the 
decimal system, numbers from 10 on). 
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Flip-Flop* 




When the electrical relay and step¬ 
ping switch were incorporated into 
computing machines, switching be¬ 
tween two positions was greatly 
speeded. Eventually a vacuum-tube 
relay (flip-flop) was developed 
which, by electronic pulses, could 
control computer functions with 
immense speed and accuracy. 


Babbage s Folly (circa 1830) was an 
attempt, far beyond the technical 
knowledge of the time, to build a com¬ 
pletely automatic calculating machine. 
A store to hold the data, a control to 
tell the data what to do when, and a 
mill to perform computations, were the 
principles of Babbage’s machine—and 
are now the bases of electronic com¬ 
puters. 
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COMPUTER COUNTING SYSTEMS 


Digit* mud Pulses 

Our simple approach to computers has compared them with desk calcu¬ 
lators. The early computers borrowed many of the techniques already 
established for mechanical machines. As we have seen, the method of 
representing data in the Eniac was a simple electronic version of a mechan¬ 
ical counting wheel. It soon became clear, however, that the old method 
of data representation was not ideal for the new equipment. New methods 
were found. These methods are so important to the understanding of 
computers that it is best for us to get acquainted with them now. 

When men first started to count, they probably counted on their fingers, 
as we have pointed out. (In fact, the Latin word ‘'digitus” means finger.) 
They probably counted units, holding up another finger to represent each 
new unit, in a simple manner. 


This primitive method of counting is still used in some computers. Those 
computers which perform arithmetic in decimal counters, like the Eniac, 
represent data in “pulse count” form. In this form each decimal digit is 
represented by an equivalent number of pulses. 


Goggle 






& UNtfS 


mz m mmm m units 


COMPUTER COUNTING SYSTEMS 


Diijita and Decades 

Counting on his fingers served primitive man well until he ran out of 
fingers.It was easy to represent seven enemies by holding up seven fingers, 
but how could he represent 34 enemies? He could call a number of friends, 
and start counting on their fingers, in which case he would reach the 
impressive count of 34 raised fingers, which is a bit cumbersome to deal 
with. A better system would have been for him to count his own ten 
fingers over again, after noting that they had already been counted to 
capacity once. But the best system was to call only one friend, and 
asfc him to keep track of the number of times he himself had gone through 
his own full count of ten fingers. 

It is clear then that each of the friend's fingers is worth not one unit, but 
two hands full of units. Each of his friend’s fingers would be worth ten. In 
this case, the raised fingers of both would represent the number 34 as: 


where the man on our left Indicates how many times the man on our right 
has been counted through. Each count on the left is worth a decade, each 
count on the right one unit, so the meaning of this count is : 
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COMPUTER COUNTING SYSTEMS 
Finger* to Flip-Flop* 

This method of counting is known as the decimal counting system, which is 
able to register ten counts in each column. Because we have ten fingers, we 
learned to count by tens, and the decimal system is used almost everywhere. 
Wheii Pascal made his mechanical counting wheel, it was natural that he 
made it a decimal counting wheel. It was as easy to cut ten teeth as any 
other number, When electromechanical and electronic counters were first 
made, they were decimal counters. 
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The Eniac counter, in place of ten fingers on a hand or ten teeth on a 
wheel, used ten Sip-flops However, it required expensive equipment to 
make the counter count to ten. It made a difference that ten flip-flops were 
used, rather than a smaller number. Uesigners started looking for somf.- 
other way to count with such equipment, as the Eniac ring counter wagi 
wasteful. Although there were ten flip-flops, only one of them was set at 
any given ; time; the other tune were reset. 

This waste led designers to the use of decimal codes, which permit the 
representation of ten quantities hy fewer than ten elements. 


( 1 - 26 ) 


Got gle 






COMPUTER COUNTING SYSTEMS 


The Bi-Quinary Code 

One of the first decimal codes used was the bi-quinary code, which reduced 
the number of flip-flops from ten to seven. It is a simple code that has been 
used in the abacus and relay calculators. Bi-quinary means one group of 
two digits (hi) and another group of five digits (quinary). The quinary part 
counts five digits from 0.. .4, and then repeats the count a second time, 
5.. .9. The bi part indicates whether the quinary part is counting through 
the first or second time. If the bi part is 01 it indicates that we are counting 
through the quinary part for the first time, are in the range 0.. .4. If the 
bi part is 10 it indicates that we are counting through the quinary part for 
the second time, and are in the range 5.. .9. This is shown in the chart below, 

BI-QUINARY NOTATION 

^lO) + 01000 = 8 


RING COUNTER 


DECIMAL 


BI-QUINARY COUNTER 



DIGITS 


Bi Part 

Quinary Part 

000000000 1 

= 

0 

= 

01 

00001 

0000000010 

= 

1 

= 

01 

00010 

0000000100 

= 

2 

= 

01 

00 100 

0000001000 

= 

3 


0 i 

01000 

0000010000 

- 

4 

= 

01 

10000 

0000100000 

= 

5 


10 

00001 

0001000000 

= 

6 


10 

00010 

0010000000 

= 

7 


10 

00100 

0100000000 

= 

8 

= 

10 

01 000 

1000000Q00 

= 

9 

= 

10 

10000 


which compares data stored in a ring counter with equivalent data stored in 
a bi-quinary counter. Here was some improvement, but not enough. It was 
an attempt to improve the decimal counter. However, designers were begin¬ 
ning to think that it might be better not to use the decimal system of 
counting at all. Maybe it would be better—in computers—not to count by 
tens, but to count by some other number. 







COMPUTER COUNTING SYSTEMS 


The Decimal System 

To see how it would be possible to use a different counting system, we shall 
take a closer look at the familiar decimal system; the same general rules 
that apply to the decimal system can be applied to other counting systems 
of this type. 

If we look at the number 222, we see the same character, 2, used three times. 
But that character does not have the same numerical value each time. The 
2 at the extreme right is worth only two units, while the 2 at the extreme 
left is worth two hundred units. The value represented by a character de¬ 
pends upon its position in the number. Thought on the decimal system 
shows that the positions have the following significance; 
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The column on the right is the least significant; in any counting system, 
this column counts units; To represent the number of units in the column, 
certain discrete characters are used. In the decimal system there are ten 
of these characters, d. . 9. The number of these characters, or the numbeC 
of separate counts that can be represented in a single column, is called the 
base of the counting system. Decimal counting, then, is counting to the 
base ten; v?// 

A carry occurs in any column whenever it runs out of discrete characters. 
The highest character in the decimal system is 9. When a column holding 
a 9 receives another count, it goes from the highest character, 9, back to 
the lowest character, 0, and sends a carry count to the next more significant 
column. In the decimal system, therefore, each column is worth ten times 
as much as the column to its right. In decimal arithmetic we are concerned 
with the powers of ten. 
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COMPUTER COUNTING SYSTEMS 


The Rules of Counting 

We can build a counting system on any base by following these general 
rules of counting systems* expressed in terms of the base : 

a. The base of a counting system is the number of counts that are repre¬ 
sented hy discrete characters in any single column. 

b. Whenever any columnholding the highest valued character receives 
another count, it goes back to 0 and develops a carry count to the next 
more significant column, 

c. The rightmost, or least significant, column counts units. Each count 
registered in the second column is equal to the base. Multiply the value of 
any column by the base to get the value of the next more significant column. 
In computer work, the octonary system which counts to the base eight is 
sometimes used. This system uses only eight discrete characters, 0 , . . 7. 
The characters 8 and 9 are never used It is necessary to carry to 10 (say 
“one, zero;” net “ten”) to represent the quantity eight. The octonary num¬ 
ber ISO (say “one, aero, aero;” not “one hundred”) represents the quantity 
8 x 8. Octonary 160 = Decimal 64. 


OCTOHARy NUMBER 


EQUALS 


DECIMAL NUMBER 


There is an active organization in this country which advocates counting 
to the base twelve {the duodecimal system). To do this it is necessary to 
add to the decimal 0 . . . 9 two more characters, They use the Greek r to 
represent ten and the Greek e to represent eleven. In this system, no carry 
is required until one represents the quantity twelve. In duodecimal, the 
number 10 (say “one, zero;” not ‘‘ten”) equals twelve. The second column 
counts not tens, but dozens. 
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COMPUTER COUNTING SYSTEMS 


The Binary System 

The simplest system of counting uses the base two. and is called the 
binary system, This system uses only two discrete characters, G and 1, 
which makes it very desirable for use in computers since most computer 
components are binary in nature, A vacuum tube can easily be used to 
represent two stable states: conducting for one, and cutoff for the other. 
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The flip-flop, and the square-loop magnetic core (to be discussed later in this 
course), have two stable states and therefore they can be used as counting 
elements to the base two. Most successful types of memory are binary. 












COMPUTER COUNTING SYSTEMS 


Binary Counting 

Now we shall see how the general counting rules we have developed apply 
to the base two. Since only two characters are permitted, the carry rule 
is as follows; whenever any column holding a 1 (the highest valued.char¬ 
acter) receives another count, it goes back to 0 and develops a carry count 
to the next more significant column. Since there are only two characters, 
successive counts make any column alternate. If it holds a 0, it counts to 
1. If it holds a 1, it counts to 0 and develops 8 carry. 
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Applying the rule concerning the value of the columns, we find that num¬ 
bers .in the binary system follow the order of positional significance shown, 




Computers very frequently make use of four columns of binary notation. 
Some types use many mote columns; It will be well worth studying the 
following chart, and extending it a few steps. You Can extend the chart 
by adding counts to the units column, and carrying to the other columns. 
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COMPUTER COUNTING SYSTEMS 


"On* Zero Zero Zero" Equals 8 

This chart clearly illustrates one point: as you allow fewer discrete char¬ 
acters in each column, you need more columns to represent a given quantity. 
The number eight, for example, can be represented in one decimal column, 
but in binary it requires four columns (1000). In another example, the 
number nineteen requires only two decimal columns, but in binary nota¬ 
tion it is represented by five columns (10011). 

UNITARY NOTATION BINARY NOTATION DECIMAL NOTATION 


UNITS 
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z 
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0 

0 

0 

0 

0 

1 

0 

0 
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0 

1 

11 

0 

0 

1 

0 

0 

2 

111 
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0 

1 

1 

0 

3 

1II1 

0 

1 

0 

0 

0 

4 

11111 

0 

1 

0 

1 

0 

5 

11 III 1 
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1 

1 

0 

0 
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1111111 

0 
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1 

1 
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11111111 

1 

0 

0 

0 
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1111111111 
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11111111111 
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1 

1 

1 

1 

11111111111 

1 

1 

0 

0 

1 

2 

III 11111111 

1 

1 

0 

1 

1 

3 

11II1111111 

1 

1 

1 

0 

1 

4 

11111111111 

1 

1 

1 

1 

1 

5 


The idea of binary representation developed early. Many of the first com¬ 
puters were binary; each number was represented by a long train of 0’s 
and l’s. Such machines are binary not only in the way that they represent 
data, but also in the way that they perform arithmetic. If data is repre¬ 
sented in binary form, the arithmetic unit has to do binary arithmetic. This 
is much simpler than the traditional decimal type, although it follows 
the same basic rules. A binary adder has to deal with two characters only; 
it can be much simpler than a decimal adder, which has to deal with ten. 
Multiplication and division are also somewhat simpler with binary num¬ 
bers; even square roots can be found in a comparatively simple manner. 
In almost all ways, the binary system is well suited to machine operation. 
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COMPUTER COUNTING SYSTEMS 

Binary Addition 

Consider how simple it would be to add two numbers in the binary system. 
We have considered decimal arithmetic performed by a counter, which 
gave the proper sum, and also produced a carry when it counted from 9 
to 0. That counter had to cope with one hundred possible combinations 
of inputs, since each of the two numbers it was adding could contain any 
one of the digits 0 ... 9. In binary, however, each input could be only 
a 0 or a t The possible combinations of numbers to be added is small, and 
may easily be recorded. 

If eithernumber contains a 1, the adder produces a sum of 1 and no carry. 
If both contain l’s, the adder produces a binary two (10) which is a sum 
of 0 and a carry to the next column. 



Because there are so few combinations in the binary addition table, it 
is not necessary to use a counter at all for adding. It is possible to put 
together a few binary elements that can look over the two input numbers, 
check for all possible combinations* and immediately produce the proper 
sum and carry, without counting it out. This type of adder is sometimes 
called a table adder, because it has the addition table built into it* and 
automatically operates according to the rules of that table. The binary 
addition table is so simple that a binary table adder can be built easily. 
In fact, this is one of the chief advantages of the binary system; it permits 
the use of a relatively simple and inexpensive arithmetic unit. 
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COMPUTER COUNTING SYSTEMS 


Binary or Decimal 

There is only one trouble with the binary system—it is not used for any¬ 
thing but computers. Computer designers may choose to work in binary, 
but it would be embarrassing if one of their computers, working on a 
payroll, printed a check for $1,000 to a man who had earned $8. It might 
be difficult convincing the bank that it should have paid in binary! When¬ 
ever the computing process begins and ends with written records, those 
records must be in decimal language to be readily understood. 
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This is a dilemma which computer designers face: binary arithmetic offers 
several advantages within the computer, but the decimal system is used 
outside the computer. Generally, three different solutions to this problem 
have been used in three different types of computers. 
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COMPUTER LANGUAGE 


Binary Computer* 

In this computer, all input data are converted to binary form. The arithmetic 
unit is relatively simple because it computes in binary. When the final 
results are prepared, they are converted back to decimal form for output. 
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Unfortunately, the conversion process is awkward. Another inspection of 
the table of binary versus decimal numbers will show that there is no 
simple relationship between them. The required conversion equipment is 
quite complex. It is reasonable to have the computer itself convert the 
data, but only at the sacrifice of considerable time. 
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COMPUTER LANGUAGE 


Decimal Computers 

Decimal computers do not take advantage of the simplicity of a binary 
arithmetic unit. They deal in decimal arithmetic only. They avoid the 
problem of complex binary-decimal conversion. On the other hand, elec¬ 



tronic digital computers which work with the decimal system of numbers 
process data more slowly than do binary computers. The addition of more 
complex circuitry and parts may help overcome the inherent slowness of the 
decimal computer, but the easing of the programmer’s task is paid for in 
expensive machinery which can still break down or produce errors. 
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Binary-Coded Decimal Computers 

There is a compromise computer that uses the binary system, to encode 
each decimal digit. Binary elements are used to express a number from 
0 to 9. This number is treated as one decimal digit The following decimal 
digit is expressed by another binary number from 0 to 9. For example: 


BIHARY-COMD 
&ECIMAI COMPUTERS 


fcnrcd«« v ’ £>'#.«dd«k* 
Eoch D&cimuf Digit 


Cv Binary Equivoleot o( ; 
/ Each Dgcimol Digir \ 


In this system the conversion process is much easier. Handling one decimal 
digit at a time* the converter need only know the correspondence between 
the ten characters 0 * . . 9 and the four-column binary combinations that 
represent them. 
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COMPUTER LANGUAGE 


Decimal Codes — System Simplification 

Now we consider some of the qualities desirable in a code that represents 
decimal digits. One binary-coded system has already been suggested. De¬ 
signers attempt to select the code which will give the greatest overall 
simplification of the system, but it is not always clear which code will 
do this. A code that overcomes one disadvantage often brings about another 
one. This can be seen in the case of the binary-coded decimal system just 
described. We have suggested that this system utilizes the ease of binary 
arithmetic, and largely avoids the difficulty of the binary-decimal con- 
version. The disadvantage of this system is that the arithmetic unit must 
perform both binary and decimal arithmetic—binary arithmetic within 
each decimal digit, and decimal arithmetic between decimal digits. 


This leads us to the second requirement of our code, the decimal carry.: 
The code should provide an easy way of obtaining a decimal carry when 
the count goes above 9, It also must produce the proper sum after' a 
carry is made. Unfortunately, the binary-coded decimal system does neither. 
This code works well where ho carry is required, as in the example 
3 + 4 = .7, However, when we add 8 -f 5, we should get a sum of 3 (0011) 
and a carry. The binary-coded decimal attempts to represent the whole 
sum of 13 in one decimal digit and does not provide a carry. It gives the 
code combination 1101, which is not acceptable because it does not rep¬ 
resent any of the characters 0 . . 9. If a computer uses this code, it must 

provide some means of correcting the error. 
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COMPUTER LANGUAGE 


Case of Complementing 

Arithmetic on a computer often relies heavily upon the use of comple¬ 
ments, as we shall see later. Therefore, it is desitahle that a code provide 
some easy means of obtaining complements. In s number of codes this is 
done simply by inverting all the. binary digits, that is. by changing every 
1 to 0, and ever 0 to 1. 

The complement that is used in decimal arithmetic is the tans complement. 
We can reach the tens complement of a number by subtracting it from 
the number corresponding to the appropriate power of ten. The example 
below shows the tens complements of 76,540,293, 


The Appropriate of 


There is another important fact to consider: the tens complement of a 
number is equal to its nines complement plus one. We reach the tens 
complement of a number by taking the nines complement of every digit, 
then adding 1 tp the least significant digit, as shown below. 


the NINES complement 
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That is how it is often done in a computer. The code, therefore, must 
provide the nines complement of each digit by a simple inversion of 
binary digits. 
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COMPUTER LANGUAGE 


The Excess-3 Code 

The excess-3 code shown below is a popular variation of a binary-coded 
decimal, providing both a decimal carry and an easy means of comple¬ 
menting. In this code each decimal digit is represented by its binary equiv¬ 
alent plus three. Thus 0 is represented by binary three, 1 by binary four, 
and so forth, as shown in the following chart: 


THE EXCESS •3 CODE 


Dmclmal 

Excess - 3 

0000 

0001 

0010 

Co mp/emenf 

0 

001 1 

1 100 

1 

0100 

101 1 

2 

0101 

1010 

3 
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1001 
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0111 

1000 

5 

1000 

01 1 1 
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100 1 

01 10 

7 

1010 

0101 

8 

101 1 

0100 

9 

1 100 

001 1 


I 101 
I I 10 
IIII 


To represent ten decimal characters, four binary digits are required. Four 
binary digits can be arranged in 16 different combinations, but six of these 
combinations are unused. The excess-3 code distributes the waste, so to 
speak. It does not use the first three combinations or the last three, only 
the middle ten. This arrangement gives the code a certain symmetry, so 
that a nines complement can be formed by a simple inversion of all binary 
digits in the coded decimal digit. 


The Number. 

In Excess-3 Notation 
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The 10's Complement 


0 0 11 


1 0 


1111000 
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Addition in Excess-3 

When you add two numbers whose sum is less than ten in excess-3, you 
will get an answer in excess-5. This is both an advantage and a disadvantage. 
It is a disadvantage, of course, because the sum is wrong. You must subtract 
3 from it to restore it to the excess-3 code, However, here is the advantage: 
add two numbers whose sum is more than ten—the decimal count carries 
from 9 back to 0, the binary count, being 6 higher, carries from fifteen (1111) 
to sixteen (10000). The four binary columns all go back to zero, and at the 
same time a binary carry from the fourth binary digit occurs. Such a carry 
is used as a decimal carry. It is added to the next decimal digit. 

But still the sum is wrong. It cleared back to binary zero (0000), so in this 
case you must add 3 to restore the sum to the excess-3 code. Typically, a 
computer using this code must perform each addition twice. The second 
addition is used only for making this correction. The corrector-adder sub¬ 
tracts'-3 from the sum of any digits that do not produce a decimal carry, 
and adds 3 to the sum of any digits that do. 


0100 THE SUM OF 1 
AND A CARRY TO 
NEXT OECIMAi DIGIT 


Much work has been done with other decimal codes in an effort to find one 
that will further simplify computing systems. Some of these codes are 
variations of the binary-coded decimal and use binary-type adders in vary¬ 
ing degrees, Others, like the bi-quinary code, do not make use of the binary 
progression at all. Some of these latter codes require the use of decimal table 
adders, A decimal table adder is one that has the decimal addition table 
built into it. It can immediately provide the right sum for any combination 
of two input digits 0., .9, Unless it is particularly fine, this type of adder 
is likely to be large, expensive and complex. 
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COMPUTER LANGUAGE 


Data ChacSdnq 

Two of the moet important functions of any computer are to store data 
and to; transfer that data from one part of the system to another. Often it 
is desirable to check against errors. Consider, for example, the binary-coded 
decimal combination for 5. It is possible to pick up a spurious pulse and 
get the legitimate representation for 7, or drop a pulse and still have the 
legitimate representation for 4 , 


cSC^--^ORIGINAL pulse combination 


or accidently 


or accidently 


With this code there is a legitimate pulse combination even if all pulses 
are dropped. In these cases there would be no way of knowing, that an 
error had occurred unless there were another copy of the original data 
available for checking* 

Most data checks operate by checking on some regular pattern or rule that 
is characteristic of the code itself. Every bi-quinary code combination, for 
example, contains two pulses* one in tbe bi part and one in the quinary part. 
If a pulse were picked up or dropped in this code, it would disturb this 
pattern. The result would be a meaningless code combination, and the 
etrut could be detected. 
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Odds or Evens 


In most codes there is no dear-cut pattern or rule that can be checked 
easily. It is necessary to instill a pattern into the code, A typical method 
of doing this is to use an odd number of pulses in every combination. Then 
the pulses can be counted later on to make sure that the total is still odd. 


ODDS OR EVENS 
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To do this an extra pulse, called the check pulse, is required. This is shown 
in the following chart, which gives the excess-3 representation for the 
characters 0.,. .9, with check pulse. Notice that if the number of pulses 
in the combination is already odd no check pulse is added, but if the number 
of pulses is even, a check pulse is added to make the total odd. This type of 
check is called an odd-even check, or a parity check. 


(1-43) 


Google 


COMPUTER LANGUAGE 


Alphabetic Codes 

For computers doing purely scientific work, it is often sufficient to deal 
with numbers only, but machines that handle the problems of business 
generally have to deal with the letters of the alphabet as well. In order to 
write out a bill for $16.50 to John Doe, a computing system must handle 
the letters in his name as well as the numbers in his debt. These machines 
need a code which can handle both alphabetic and numeric characters, some¬ 
times called an alphameric code. It must have pulse combinations to repre¬ 
sent the ten decimal characters, the 26 letters of the alphabet, and most of 
the punctuation marks that are found on the keyboard of a typewriter. This 
amounts to approximately 50 characters. A typical computer also needs a 
few more pulse combinations for special control functions within the 
system. To represent this many characters requires at least six pulses. An 
alphameric code adds two more pulses to the minimum four required to 
represent the ten decimal characters, as in the typical code shown below. 

This Co dm is Basod on tho Excess ~3 System 
and Uses a Check Pulse. 
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Note that the numerical value of the combination representing the letter 
“B” is greater than that for the letter “A.” The code combination for “Z” 
is greater numerically than that for any other letter. This order provides a 
basis upon which the letters can be compared, and enables a computer to 
arrange a list of names in alphabetical order. 

Some computers, instead of using a six-bit alphameric code, use a combina¬ 
tion of two four-bit numeric characters to represent each single alphabetic 
character. Such computers require additional control to know whether they 
should interpret data as alphabetic or numeric. 
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BINARY STATES 


COMPUTER LANGUAGE 


Binary States 

In one sense all of these codes are binary, for all of them are represented 
in computer elements such as the flip-flop* Which has only two states. This 
is true whether or not the code follows the binary counting system. 


HIGH 


In writing, these two states are usually named 1 and 0. In a computer, the 
two states may be represented by two different voltage levels, one occurring 
while a tube is conducting, the other occurring while the tube is cut off. 
Both the 1 and the 0 state can represent either condition. 
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Parallel Movement 


Serial Movement 


NUMERICAL TRANSFER IN PULSE TRAIN 


COMPUTER LANGUAGE 


Parallel and Serial 

There are two different modes, patailel and serial, of storing and trans¬ 
ferring data in a computer. In parallel operation, all of the pulses occur 
at the same time, but on different path*or wires. In serial operatt&n, all 
of the pulses occur on the same path, but follow each other in time. 


Soldiers 


Four Soldiers In File 


In the first case one must inspect four different lines to find the pulse 
combination. In the second case one looks at a single line, but must wait 
for the time of four pulses, just as one must wait for all the cars in a train 
to pass the crossing one at a time, it becomes clear why data in serial 
form is sometimes called a pulse train. 
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COMPUTER LANGUAGE 


The Computer Word 

The size of a number in a typical computer is from ten to twelve decimal 
digits plus the sign. In a binary machine, it might be 30 or 40 binary digits. 

The amount of data is called one word. A computer usually deals with one 
word of data at a time, selected from data storage units called registers. 


TYPICAL COMPUTER WORD 


The 



For a given computer, its register is of standard size — big enough to hold 
one number (or word) of the size that the computer can handle. Most are 
one-word registers. The memory may be considered as many one-word 
registers. We will learn more about the memory and registers later. 
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COMPUTER LANGUAGE 


The Computer Word (contd.) 

Each register has space for a certain number of data pulses. These pulses 
are called bits. A bit is the smallest unit of information. This term is some¬ 
times used as a contraction for the words binary digit. It is appropriate 
even where the binary counting system is not used. In a binary machine, 
the word might be 30 or 40 bits, either in parallel or in serial. The first or 
the last bit would represent the sign, using a pulse (1) for a minus sign 
and no pulse (0) for a plus sign. 
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In a coded decimal machine, the bits must be considered as grouped into 
decimal digits. The number of bits in each decimal digit depends upon the 
code. It will require at least four bits for straight numerical representation, 
at least six bits for alphameric representation, and at least seven bits for 
alphameric representation with a check pulse (parity bit), as in the sample 
code given earlier in this course. The sign in such a code is another full 
decimal digit with the standard number of bits, even though it is a simple 
binary choice between plus and minus. 
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COMPUTER LANGUAGE 


Modes of Operation 

Coded decimal computers often operate in a fully serial mode with bit 
following bit and digit following digit on the same transfer path. They 
seldom operate in a fully parallel fashion because of the many transfer 
paths that would be necessary. Sometimes they operate in a compromise 
fashion called bit-parallel, digit-serial. This means that all the bits of a 
given digit are transferred together in parallel. The following figure illus¬ 
trates part of a word being transferred in serial fashion and also in bit- 
parallel, digit-serial fashion. It uses the binary-coded decimal code with 
check pulse (or parity bit) to represent the three digits 725. 


The figure below shows how a decimal digit can be represented in a single¬ 
bit time, (the period of a single pulse representing one bit of information). 
The next digit follows serially in the following bit time. 
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REVIEW 



The rules of counting define the number-sys¬ 
tem base, tell when to carry, and indicate the 
value of any digit position. Since the ottonary 
number system has eight discrete characters, 
a carry occurs after the count seven. Every 
character roust be multiplied by the appropri¬ 
ate power of the base-8 to obtain the decimal 
equivalent of the number. 
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The binary number system is choice 
for computer logic because its two 
discrete characters correspond to the 
on-off states of bi-stable flip-flops and 
magnetic- cores. Converting data fo 
and from the decimal system is usual¬ 
ly done by special units at the input 
and output. Some computers translate 
within the computing section. 




When a digital computet uses 
a binary number code it is 
necessary to provide error 
detection while numbers are 
transferred between registers. 
The error-checking equipment 
counts the ingoing bits of a 
binary digit in a certain pat¬ 
tern, then scans the outgoing 
digit for that pattern. An 
altered number sets off an 
alarm. This is called parity 
checking. 


In a coded decimal machine hits are 
grouped into decimal digits, the num¬ 
ber of bits per digit depending on the 
code. If four bits were required for 
a digit in straight binary code, that 
digit would require six bits for alpha¬ 
meric representation and at least 
seven bits in. alphameric code if a 
parity bit wewe part of the digit. 
Signs may require a full digit, for 
representation. 
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HOW THE COMPUTER PERFORMS 


Computer Arithmetic 

Any arithmetical problem can be reduced to one of four basic operations: 
add, subtract, multiply, and divide. This must be done (in advance) for 
most eotaputers., It is the work o£ the programmer to express the problem 
in terms of these simple operations, which helps to explain how computers 
solve very complex problems. The complexity is not in the computer, but 
in the program prepared for the computer. We can learn all about the in¬ 
ternal arithmetic of the computer by studying its four basic operations. 


There is some variety in the ways in which specific computers perform these 
operations. We shall now consider the general method used by typical 
decimal digital computers. 

The way we do pencil-and-paper arithmetic seems simple merely because 
we are accustomed to it. Actually, our methods are not so simple. They 
are too subtle to be mechanized easily. The methods that are built into a 
Computer are comparatively crude. For a machine, the arithmetic operations 
are often reduced to their simplest form. To understand how a computer 
performs arithmetic one must take a closer look at the lour basic opera* 
tions. We shall inspect addition, subtraction, multiplication and division, 
to find out what each operation is, and how it can be mechanized and per¬ 
formed by computer elements. 
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HOW THE COMPUTER PERFORMS 


Addition 

Earlier we saw that addition is essentially a flatter of counting. In mechani¬ 
cal machines it is done by decimal counting wheels. Let us take a closer 
look at the process. The figure shows in simplified fashion how a digit, in 
this case 8, is added into a decimal counting wheel. 

The register wheel is driven by a rack. The control unit of the machine 
determines when the rack is meshed with the wheel and when it is moved 
free of the wheel. The counting wheel is shown initially in the zero position, 
that is, the 0 tooth is at the index line. At the beginning of an add operation 
the wheel and the rack are not meshed. The rack starts to move in the direc¬ 
tion indicated. 

The keyboard determines how far the rack will move. In this example the 8 
key is depressed, therefore the rack moves a distance equal to 8 teeth before 
it is stopped by the 8 key, or a linkage controlled by the 8 key. In this way 
the number in the keyboard is transferred to the rack. The counting wheel 
then meshes with the rack. When the rack returns to its original position, 
it rotates the wheel 8 tooth positions. The number is now transferred from 
the rack to the register Wheel, The sum in the wheel is 8, because the 8 tooth 
is in the significant position at the index. 
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Each number entered into the register is added to the former contents of 
that register. In the example illustrated, the original content is 0, so the 
addition shown here is 0 -f- 8 = 8. If 8 were added once more, with the wheel 
already set at 8, the addition performed would be & -f~ 8 — 16. An addition 
such as 8 -f- 8 “16 calls for a carry at the time the wheel passes from 9 to 0, 
This requires a mechanism to detect the carry and to enter a carry count, 
into the next wheel'. 

One way of triggering a carry mechanism is to make the 0 tooth of the 
wheel longer than the others. The long tooth engages the trigger of the 
carry mechanism when it passes from the 9 to the 0 position. The carry 
mechanism, when triggered, advances the next more significant wheel one 
tooth position. 













No, 8 key is depressed 
The rack moves to left 


until it encounters the key 
The gears engage 


The rack moves back 
lb the starting position 


Tooth no. U appears 
m the index window. 


In effect. 0 and 8 have been 
added to produce 1 sum B. 
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HOW THE COMPUTER PERFORMS 


Types of Electronic Addon 

An electronic decimal counter does ike same job as the mechanical system 
just'"described. ..However* instead of mechanically moving 8 notches, it is 
activated by a pulse train containing 8 pulses in pulse-count decimal code. 
Besides adding, the counter-adder also provides storage for the sum. After 
the counting is finished, the sura is held in the counter, just as in the 
register wheel previously described. 
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This function of storage for the sum is not provided by the table adders 
Used in later computers. 

These figures show the flow of data through a binary table adder and 
through a decimal table adder. Note that a decimal table adder usually 
accepts digits in bit-parallel form, therefore it requires four or more parallel 
transfer paths for each input and output. 
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Recall that a table adder does net count tip a sum; it has the answers built 
in. By referring to the built-in addition table, it converts the pulse com¬ 
bination for the addend and the augend into the pulse conabiaatipn for the 
proper sum. The sum is available at the output only as long as the addend 
and augend are applied to the inputs. Because it provides no storage for 
the sum, another register must be used tVith it to serve this function. 


Google 






















HOW THE COMPUTER PERFORMS 


The Accumulator 

Three registers are required to perform an addition—one each to hold the 
addend, the augend, and the sum. However, the figure below shows how a 
computer is typically designed (with characteristic thrift) so that one 
register does the job of two. A single register delivers the augend to the 
input of the adder and receives the sum from the output of the adder. 
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register used in it is often called the accumulator-register (or A-register). 
This register provides the memory function which the adder lacks. Adder 
and register together act as the counter. They add all new input data to the 
former contents of the register and accumulate all inputs into a final total. 


ACCUMULATOR = ADDER + REGISTER 
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Mechanical Subtraction 

Subtraction is addition in reverse. Like addition, it is hasically a process of 
counting, but in the opposite direction. This is clearly illustrated by some 
mechanical machines which subtract by turning their decimal counting 
wheels backwards. 

Note the similarity to mechanical addition. The same equipment is used. 
The data is transferred from the keyboard to the rack in the same way. The 
difference is in the control unit, which moves the wheel to mesh with the 
rack at a different time. In subtraction the wheel is meshed first. As the rack 
moves to the left it turnB the wheel counter-clockwise and decreases the 
count that it holds. After the rack is limited by key action, the wheel moves 
out of mesh and the rack returns to normal. The subtraction illustrated 
here is 3 — 4 = 4. 


"MECHANICAL SUBTRACTION 


(8-4=4) 
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rack moves to left anti! it reaches No, 4 key. 

In this process wheel is turned tour positions. 
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rack and wheel are disengaged and rack 
moves back to starting position. 
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The carry tooth is Used as in addition, but in this case it must borrow from 
the next more significant wheel by moving that wheel one digit lower, in¬ 
stead of one digit higher, as in addition. When the wheel passes through 
zero. it has used up its full decade count, and must borrow another decade 
from the next column. 
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HOW THE COMPUTER PERFORMS 


Subtracting by Adding Complements 

In an electronic computer, subtraction cannot be performed as neatly as in & 
mechanical machine because it is difficult to make an electronic counter 
count backwards, A wheel mounted on a shaft is free to turn in'either 
direction, but electronic counters are not so versatile. They count in one 
direction. To have them count in the opposite direction would require a 
great many more components, and would increase cost. It was therefore best 
to find an alternate method of subtracting in electronic computers. 

The first users of adding machines encountered this same difficulty. The 
early machines could only add—but it was possible to use such machines 
for subtracting, by adding complements. 
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The Subtrohend 


The Difference 


The Appropriate Power of Ten 
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The Difference 
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When the Most Significant Digit (I) is Ignored 


The machine produces a correct answer, but with a superfluous carry in the 
most significant digit (MSP) position, This carry is ignored whenever sub¬ 
traction is accomplished by the addition, of complements. 
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Subtraction In q Computer 

The following is the method of subtraction used in most computers : a pulse 
code is chosen that easily releases complements. Subtraction in a computer 
is the same as addition, except that the complement rather than the number 
itself ia added. Remember that addition is performed by transferring the 
two operands from their storage registers into an adder, and by transferring 
a sum from the adder to another storage register. In subtraction the subtra¬ 
hend, before entering the adder, passes through a unit which complements it. 
Notice that an accumulator (combination of adder and register) may be 
used. The accumulator register holds the minuend before the subtraction, 
and the difference afterward. 
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The difference between addition and subtraction is so slight that the two 
can be performed in the same general circuits, as shown. 
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HOW THE COMPUTER PERFORMS 


Computer Algebra 

A computer must, deal with signs, and be able to compute with negative 
and with positive numbers. It must be able to follow the rules of algebra. 


nop complement 


complement 


subtract 


Computer algebra is as simple as computer arithmetic. Only the funda¬ 
mental rules of algebra are obeyed in a computer. The two fundamental 
rules for algebraic addition are as follows: 

Like signs — add. 

Unlike signs -- subtract the smaller from the larger and use 
the sign of the larger. 

In terms of the computer these rules would be: 

Like signs — do not complement 

Unlike signs — complement the smaller and use the sign of 
the larger. 

This presupposes the computer’s ability to know whethef the signs are 
like or unlike. To do this it must be able to isolate tbe signs and compare 
them. The result of the comparison of signs determines whether or not one 
of the numbers is complemented; therefore this information must be sent to 
the complement control. Also, it must be able to compare the magnitudes 
of the two operands to determine which is the larger and which is the 
smaller. The result of this comparison determines which of the two operands 
is complemented add which supplies the sign of the answer. 
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Because either addend or augend may 
be complemented, two complementers 
are required — one for each operand 
— or else a switching system capable 
of sending either one of the operands 
through the complementer. 
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HOW THE COMPUTER PERFORMS 


A Dod^a 

Some computers do not have a magnitude comparator, but use a mathemati¬ 
cal trick to make sure that they complement the smaller and use the sign of 


the larger. Without knowing which is smaller; and which is larger, these 
machines complement one of the numbers and use the sign of the other. 

If the right choice is made, the answer is correct, and the sign is correct. If 
the wrong choice is made, the answer is the complement or the correct 
answer, with the wrong sign. However, this erroneous condition can easily 
be corrected by recomplementing the answer and inverting its sign. 

To use this dodge, there must be some indication whether or not the answer 
is the Correct one. That indication is the carry from the most significant 
digit position. If no carry occurs, the answer is in complement form, and 
has the wrong sign. If a carry occurs, the answer is correct. For example: 
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A look at the behavior of the MSD carry shows that it follows these rules*. 

a. If the smaller number is complemented and added to the 
larger, a superfluous carry occurs. 

b. If the larger number is complemented and added to the 
smaller, no superfluous carry occurs. 





HOW THE COMPUTER PERFORMS 


Algebraic Subtraction 

For subtraction, as for addition, the computer need obey only the simplest 
and most basic algebraic rules. The one necessary rule for algebraic sub- 
traction is quite simple: 

Change the sign of the subtrahend and add, 

A computer generally obeys this rule directly by changing the sign of the 
subtrahend some time before the signs are compared. In the accumulator 
the operation is identical to algebraic addition. 
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It is important to make the distinction between an add and subtract instruc¬ 
tion and an addition or subtraction operation in the computer. An add 
instruction, as presented by the programmer, instructs the computer to 
perform an algebraic addition. In following out this instruction the com¬ 
puter may have to perform an addition operation or a subtraction operation, 
depending upon the results of the sign comparison. 

A subtract instruction tells the computer to perform an algebraic subtrac¬ 
tion, It does this simply by inverting the sign of the subtraction arid 
performing an addition. However, in performing the algebraic addition, it 
may perform an actual addition operation or subtraction operation, depend¬ 
ing upon the comparison of signs. 
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HOW THE COMPUTER PERFORMS 


Multiplication 

We ere accustomed to performing multiplication by reference to a multi* 
plicationtable which we have memorized. Given the problem 3 X 8, we 
recall theproduet 24. A little consideration will show that the multiplication 
table a shortcut to an operation which is basically one of addition. In 
other words, to say “3 X 8” is the same as to say "take S three times." 


MULTIPLICAND 8 
x MULTIPLIER x 3 


S ' ; . : PRODUCT 24 » * 24 
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Forgetting the multiplication table, it is easy to arrive at the correct answer 
by addition. The process is time consuming and tedious but none the less 
accurate. A computer usually performs multiplication in this crude manner, 
by a series of additions. Because a computer can add only two numbers at 
a time, the process 3 X'8 would have to be done as: 
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MEANS 


24 — 3rd addition 
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This is accumulation. It can be performed in the accumulator we have al 
ready described. 
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HOW THE COMPUTER PERFORMS 


Control of Multiplication 

It is the multiplicand that must be added over and over. Often the multi¬ 
plicand is held in a special register (multiplicand register) where it is 
readily available, so that it can be transferred over and over into the accu¬ 
mulator. Each time it passes into the accumulator it is added to the present 
contents by the normal accumulating action. In this way the product is 
gradually built up. 
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To perform a multiplication, two initial conditions are required: The multi¬ 
plicand must be in the multiplicand register and the accumulator must he 
cleared to aero. Then the multiplying action can be started by establishing 
a transfer path from the multiplicand register into the accumulator. As long 
as this transfer path is maintained, the multiplicand is transferred into the 
accumulator again and again. The number of transfers is determined by 
the multiplier,, In our example the multiplicand is 8, the multiplier is 3, and 
the transfer path must be maintained until the multiplicand has been trans¬ 
ferred into the accumulator three times. 
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The control of this transfer path is an important part of the multiplication 
operation. Here we show this function being performed by a unit called the 
multiply control. Another unit, called the multiplier counter, counts the 
number of times the multiplicand is transferred. When the count is equal 
to the multiplier, the counter causes the multiply control to break the 
transfer path. 
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Multidigit Multiplication 

In multidigit multiplication, such as 327 X 42, it is not necessary to add 
327 into the accumulator 42 times. We can deal with the digits 2 and 4 as 
separate decimal digits, as we do in paper-and-pencil multiplication. On 
paper this would be as follows; 


method 
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4 2 
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Shifting the partial product 13Q8 one digit to the left effectively multiplies it 
by 10. We actually multiply the multiplicand by 40 rather than by 4. 

In a computer, instead of shifting the new entries to the left, we shift the 
first partial product to the right. This accomplishes the very same thing. It 
requires the accumulator register to be able to shift the position of all 
digits. A register that can do this is called a shifting register. 




COMPOTER METHOD 


1. Select one multiplier digit at a time, 

the LEAST significant digit FIRST 


multiplicand into the accumulator 
the number of times indicated by the 
multiplier digit. 


3. Shift the partial product to the right 


4 . Select the NEXT MORE SIGNIFICANT digit 

of the multiplier and repeat the process 
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Multidigit Multiplication (contd.) 

The following chart shows the general method used in a computer to 
multiply by accumulation. We see the multiplicand being added into the 
accumulator of a small computer with a capacity of five digits. 


ACCUMULATION 


COUNT NUMBER 
OF ADDITIONS 


00000 

403270 4- i 
03270 

+03270 4 - Cl 


FIRST MULTIPLIER mu IT 


First Portial Product Q6540 


00654 

+ 03270 4* 1 
03924 

+03270 4* 2 


07194 

+03270 


10464 

+03270 4* (a 


SECOND MULTiPUeft DIGIT 


FINAL PRODUCT 13734 


Notice that the first series of two additions is performed under the control 
of the first multiplier digit, 2. At the end of these two additions we have 
built up the first partial product, 654. We now shift the first partial product 
to the right. The second series of additions takes place under the control 
of the second multiplier digit, 4. Therefore, four additions of the multi¬ 
plicand to the accumulator take place. However, the position of the multi¬ 
plicand has not been shifted. From this example we can see the general 
pattern of a multiplication operation. 








HOW THE COMPUTER PERFORMS 


Division 

Division is the inverse of multiplication. Since multiplication In a computer 
is performed as a series of additions, it should not be surprising that division 
is performed as a series of subtractions. 

In approaching; a division problem, we ask ourselves “how many times does 
the divisor go into the. dividend?" The computer answers this question by 
seeing how many times the divisor can be taken out of, or subtracted, from 
the dividend. When we see the problem we know from our memorized mul¬ 
tiplication table that 3 X 6 — V8. In cases where the answer is not imme¬ 
diately clear, we make a guess and try it out. Such a subtle method would 
be difficult to build into a computer. Computers usually take this relatively 
crude approach: 


nrVfSO^ ~ '4.n«r 5 


THE COMPtEMERTER 


THE CRUDE APPROACH 


Dividend 18 

Divisor — 6 Subtraction 1 


Divisor — 6 Subtraction 2 


6 Subtraction 3 = Quotient 


Divisor 
Remainder 0 


Like multiplication, this is the sort of operation that can take place in an 
accumulator. Because it is a series of subtractions rather than additions, 
the complementer is necessary. 

These are the same units which are used for the series of additions in a 
multiplication operation, except that in this case the complementer is used 
so that the incoming divisor will be complemented before being added into 
the accumulator. 


complementer 






HOW THE COMPUTER PERFORMS 


The Restoring Method 

Computers perforin division by repeated Subtractions. One difficulty with 
this method is that the machines do not know when to stop subtracting 
until they have gone too far. They actually subtract once too often, and then 
have to add back to find the correct remainder. 

In paper-and-pencil division, we accept the quotient digit 2 because it gives 
us a remainder 5 which is less than the divisor 8, We cannot subtract 8 from 
the remainder 5 again, or it will give us a negative number for a remainder. 
As usual, the computer uses a less subtle approach; it blunders right by the 
correct remainder. It has no way of recognising it, so it keeps on subtract¬ 
ing. Then it has to add back to restore the remainder to its correct value. 

It would be possible for a computer to recognize the correct remainder if 
each remainder ware compared with the divisor in a magnitude comparator. 
The comparator would indicate when the remainder was less than the 
divisor. However, this would require complex controls and extra equipment. 
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There is an easier indication available. The next subtraction always pro¬ 
duces a negative remainder. The computer can easily recognize this con¬ 
dition because it fails to produce a carry from the most significant digit 
position. Remember that the subtractions are being performed by additions 
of the complements, so we can apply the rules we have learned about the 
MSD carry; 

a. When the smaller number is complemented and added to 
the larger, a superfluous carry occurs from the most signifi¬ 
cant digits 

b„ When the larger number is complemented and added to 
the smaller, no MSD carry occurs This gives us a negative 
number for an answer because we have subtracted S larger 
number from a smaller number. 











HOW THE COMPUTER PERFORMS 


Control of Division 

It is the divisor that is complemented and added. At first the divisor is the 
smaller number, so we get a most significant digit carry as a result of the 
subtraction. However, the remainder in the accumulator becomes smaller 
and smaller until at last it becomes the correct remainder, which is smaller 
than the divisor. When we subtract this larger divisor from the smaller 
remainder by complementing and adding, no MSD carry occurs. Then the 
computer adds the divisor back into this negative remainder to obtain the 
correct restored remainder. 


DIVISOR 


COMPLEMENTER 


ADDER 


REGISTER 


REGISTER 


COMPLEMENT 

CONTROL 


CARRY 


DETECTOR 


This drawing shows that to the computer this series of subtractions is 
merely a transfer from the divisor register through the complementer to the 
accumulator. The complement control tells the complementer whether or 
not it is to complement the divisor. It therefore determines whether the 
divisor is to be added to, or subtracted from, the contents of the accumulator 
The complement control is set up initially so that it causes subtractions. If 
continues to cause subtractions until the lack of carry in the most significant 
digit is detected by the carry detector. This component signals the com¬ 
plement control that it should cause a single addition to restore the re¬ 
mainder. Then the process is finished. 

This method of division is known as the restoring method. Other methods 
are used in some electronic computers, but most of them are variations of 
thus basic restoring method. 
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HOW THE COMPUTER PERFORMS 


Th» Quotient Counter 

In computers, as in the paper-and-pencil method, we obtain the quotient one 
digit at a time. The quotient is determined by the number of times the 
divisor can be subtracted from the dividend before the correct remainder 
is reached. After that, one additional subtraction takes place to produce 
a negative remainder. Another addition restores the proper remainder. 


carry 

defector 


rut MSO eany 


QUOTIENT COUNTER 


Control of the divisor transfer is similar to control of the multiplicand 
transfer in multiplication. In division, the counter is used to build up the 
quotient digit. The proper quotient digit in our example is 2, and it may be 
obtained by counting the number of subtractions except the subtraction 
which produces a negative remainder. This is performed in the computer 
by a quotient counter, which starts at zero and receives a count for each 
subtraction. The carry detector does not allow it to receive this count 
unless a most significant digit carry occurs; therefore, the last subtraction, 
which produces a negative remainder, is not counted. The correct quotient 
digit is contained in the counter and must be put into permanent storage:. 


The QUOTIENT COUNTER 


quotient digit 


Each quotient digit 
i s transfe rred in turn 


to build up the 
quotient word 
in a register 
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HOW THE COMPUTER PERFORMS 


MulIkUgH Dirotoa 

The computer example shows how a problem in multidigit division might 
be performed by hand and by an electronic computer. For simplicity the 
series of subtractions are shown as subtractions rather than additions of the 
complements. Also, the subtraction which produces a negative remainder 
and the restore addition are omitted. We are looking at the subtractions in 
a four-digit accumulator. 
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computer method ifuofient tounf 


1704 

D600 1 


0800 


0004 
08 CD 


© -1st Quotient Digit 


0104 


1640 

0800 


01 - 2nd Quotient Digit 


024 0 


24d0 

CSOO 


? 600 
OUDO 


vmo 

moo 


©- 3rd Quotient Digit 


0000 


Each computer operation involves all four digits, even when most of them 
are zeros. In the paper-and-pencil example the remainder shifts one digit 
to the right as a result of each subtraction* and the next subtraction takes 
place in this new digit position. In the computer example the remainder also 
works its way to the right, but after each series of subtractions it is shifted 
one digit to the left so that the divisor can be entered always in the same 
digit positions. 


TO - SUBTRACT AND SHIFT 









HOW THE COMPUTER PERFORMS 


Basic Steps of Division 

From all the foregoing examples it is possible to arrive at the basic sequence 
of operations that take place in an electronic computer for division: 



I. Subtract the Mim train the dividend until it 

-. 

produces a negative remainder, then add it back once. 


' mm 

wBmMi -It. Count the lumber sf subtractions, except tbc m 

which goes through zero, to build up the quetient digit 


i 

IS'.. 

'l ’Xm\ 


III. Transfer the quotient digit to the register whirs 
it is te be stored. 


IV. Shift the remainder one digit to the left, and start 
subtracting once more. 




THIS PROCESS IS REPEATED FOR EACH 000TITH1 DIGIT, 

THE NUMBER Of TIMES IT IS REPEATED DEPENDS UPON 
THE NUMBER 8f NtiMOiCM SIGHS IN THE COMPUTER WORD. 
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HOW THE COMPUTER PERFORMS 


Algebraic Multiplication and Division 

The single rule which must be followed for both multiplication and division 
is very simple:. 


This is a simple function of the sign comparator which we have already 
considered. 

It does not change in any way the manner in which the multiplication and 
division instructions are performed. It affects only the sign of the product 
or quotient. 


THE SIGN COMPARATOR 


like signs 


AS US£D FOR 

DIVISION OR MULTIPLICATION 


product of quotient 


figo 

comparator 


unlike signs 


product or quotien 


like signs 


AS. USEp FOR 

addition OP SUBTRACTION 


do not complement 


cawpataifir 


sign* 


co»^fi|ement 


Often the same unit is used as sign comparator for addition, subtraction, 
multiplication and division. However, the meanings of the verdicts, like 
signs and unlike signs, are not the same in all cases. In multiplication and 
division they determine the sign of the result. In addition and subtraction 
they determine whether or not complements are needed When a unit such 
as the sign comparator is used for more than one function, it is accompanied 
by circuits which interpret the outputs according to the instructions being 
performed. 




HOW THE COMPUTER PERFORMS 
Binar? Multiplication 

So far in this chapter we have used decimal arithmetic for all of our ex¬ 
amples, A straight binary computer must. Of course, use binary arithmetic. 





MULTIPLICATION 


BINARY WITH DECIMAL 
PAPER AND PENCIL EQUIVALENT 


1001 
101 
1001 
0000 
1001 
101 101 


Multiplicand a 
Multiplier x 5 


Product 45 


WITH BINARY COMPUTER 

000000 

Add 100100 T - 1st Multiplier 


JglOO 


Digit 


• . •.. mm 

Shift Right Of0010 

: ; 1111 

Nc Add$ -2nd Multiplier, , 

m ; if 

Shift Right 001001 

Add 100100 1 -3rd Multiplier 
Digit 

Product 101101 


There is some variety in the processes that may be used to perform binary 
multiplication and division, but the basic process, as described below, is 
the same as for decimal multiplication and division. In binary arithmetic, 
however, the process is simpler. 

Step 2 of multiplication reads; “Transfer the multiplicand into the accumu¬ 
lator the number of times indicated by the multiplier digit.” In a binary 
machine the multiplier digit is either 0 or 1, so the multiplicand is either 
added once or not at all. The counting process is not necessary. 







HOW THE COMPUTES PERFORMS 

Binary Division 

Division also may be performed in a straight binary computer by following 
the same process as described for decimal division. Again the process is 
simpler in the binary system. 



DWH simarv computer 


Quotient 


Subtract 1GQ100 


001001 


Shift left 0.100)0 


100100 


10i l Ns^ctiveSnd -r d 


Restore Add i 00100 


010010 


ipoioo 


Sdbtroct 


100100 


oooooo 


BiNARV WITH 
PAPER AND PENCIL 


DECIMAL 

EQUIVALENT 


0000 


In decimal division we subtract the divisor from appropriate orders of the 
dividend and count the number of subtractions that do not produce negative 
remainders. In a binary division only one subtraction is necessary for each 
quotient digit. If it produces a positive remainder the quotient digit is 1. 
If it produces a negative remainder the quotient digit is 0. The counting 
process is not needed. 











REVIEW 



In computer arithmetic, the accumulator- 
register holds the augend. The addend 
is transferred to the adder from the 
addend register. The sum, processed in 
the adder, is transferred to the accumu¬ 
lator. because the content of the ac¬ 
cumulator is reflected in the adder as an 
augend, addition increases the number 
in the accumulator by the addend value 
sent to the adder. 


A REGISTER 


For subtraction the computer follows 
simple algebra and changes the sign 
of the subtrahend. Then the subtra¬ 
hend and minuend signs are com¬ 
pared. If alike, they are added 
algebraically and the result is stored 
in the accumulator. If Unlike, the 
small number is complemented and 
added to the larger and the result, 
with the sign of the larger, stored in 
the accumulator. 




comptnom' 


To multiply, the digital com¬ 
puter adds the multiplicand a 
number of times specified by 
the multiplier, obtaining the 
product. The multiplicand is 
transferred repeatedly from the 
multiplicand-register into the 
adder-accumulator register. The 
number of transfers is deter¬ 
mined by the multiplier digit 
and a multiplier counter; when 
these contain the same number, 
multiplication stops. 
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In decimal division, the divisor is 
subtracted from the dividend and the 
number of subtractions not producing 
a negative remainder is counted, 
building the quotient. The computer 
divides similarly, but using binary 
notation, only one subtraction is 
needed per quotient bit. If the re¬ 
mainder is positive the quotient bit 
is 1; if negative, it is 0. 
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PROGRAMMING 



How the Program Affects Design 

Anyone who wishes to understand computers must know something about 
programming. Even those primarily interested in the internal operation of 
the computer should have a basic understanding of the programmer’s work. 
With programming and computer design, understanding one helps in under¬ 
standing the other. Later wg shall see how some of the techniques of pro¬ 


gramming have been used in the control units of computers. 


Computer Units 


Pro?) rammer 


We will not attempt to learn how to program. We discuss the program only 
in the light of its effect Upon the internal operation of the machine. This 
leads us first, to a consideration of the control circuits, which are the part 
of the. computer that interprets the program. Next vve take a closer look at 
the memory in which the programmer stores all of his data. Then we list 
the most typical instructions that a computer is called upon to perform. 
So far we have given the programmer only four instructions to work with; 
add, subtract, multiply- and •. divide.} However, the programmer requires a 
number of other instructions before he has flexibly control over the com¬ 
puter, Most of these instructions can be understood best from the program¬ 
mer’s point of view; A survey of these will gtve us a better idea of the 
internal organization and control of a computer. 
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PROGRAMMING 


The Store ocod the Mill 

Charles Babbage described his mechanical calculator in terms of three basic 
units: the store, the mill and the control. These three divisions are still 
useful in modem computers. They represent three basic functions, and 
every computer must have units to perform all three. 


The storage unit merely stores data. It consists of the memory and any 
special registers in the computer. 

The computing is actually done in the mill. Its units are arithmetic or data 
processing units, designed to change the data in some way Adders, com¬ 
plementers, and sign comparators are eitamples of svich units;. They are 
usually designed to; change the data as ifijesses through them. The functions 
of storage and data processing■;'-Anay..dvh i t.l4p»'- but the disttnetion is good. 
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One can think of a computer as man3? data registers and a smaller number 
of processing units. The data registers include all of the registers in the 
main memory and any special registers used in the machine. The processing 
units include the adders, complementers, sign comparators, magnitude com¬ 
parators, and so forth. The control units must be able to connect together 
some of these storage and processing units so they will be able to perform 
any instruction that the program, suay call for. We may then think of the 
control unit as a large switching system that connects the proper storage 
and processing units for the performance of .whatever operation is required. 


PROGRAMMING 


The Control 

Most of the operations within a computer are performed by transferring 
data words from their storage place, through a processing unit, and into 
another storage register. Addition, for instance, is performed by transfer¬ 
ring the addend and augend data words out of their storage registers, 
through the adder and back into storage. Division is accomplished by 
mechanizing a series of transfers of the divisor through the complementer 
and the adder. 

It is the function of the control unit to determine the route of these data 
transfers. The control unit must select which data words to transfer, and 
through which processing units they are to be transferred. 


Block Diagram pi rhe FUNCTION of the CONTROL UNIT 






PROGRAMMING 


The Control As a Switching System. 

The control system has sometimes been compared with a railroad switch¬ 
yard control tower. There are many possible ways that the switching engine 
can be routed. The man in the tower pulls the proper levers to get it to the 
proper destination. 


CONTROL 











THE COMPUTER CONTROL, 
LIKE THE RAILROAD CONTROL 
IS A SWITCHING SYSTEM 
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Switching the Data-Trcmifer Path 


All of the data-transfer paths that might ever be used in any operation must 
exist In a computer, just as there must be tracks laid to every place that a 
train ever goes. There must be a path or a wire between every two computer 
elements that will ever fee connected together, and there must be a switching 
element in that path capable of opening and closing it. This element in 
computers is sometimes called a gate. As its name indicates, it opens to 
allow piilse trains to use that path, and closes to prevent them from using 
that path. The job of the control unit is to open the proper combination of 
gates for a given operation and to keep all other gates closed. This is how it 
is done in a computer. 
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PROGRAMMING 


The Control Takes Orders From the Program 

It is obvious, then, that the control circuits must choose a different com¬ 
bination of gates for every instruction. For addition, it will select a certain 
combination of gates to transfer through the adder, For subtraction it will 
require other gates to transfer through the adder plus the complementer. 
Other gates would be used for the. sign comparator whenever it is required. 


CONTROL TAKES ORDERS FROM 


The control unit has a great deal to do with the program. It is that part of 
the computer which accepts instructitms from the program one after the 
other. As each new instruction comes up, the controi unit sets up the com¬ 
puter to perform that instruction by opening the proper set of gates. 
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PROGRAMMING 


The Programmer's Work 

The programmer puts the computer to work. He is the bridge between the 
computer and the problem which it is to solve. Therefore he must be 
thoroughly familiar with both the capabilities of the computer and the 
problem. It Is his job to break the problem down into a list of detailed 
instructions that a computer can perform. This list of instructions is the 
program. 

Most computers are general-purpose machines. They can obey a number of 
basic instructions but they are not mechanised to perform these instructions 
in any: particular sequence. The programmer structures the sequence of 
instructions for the computer. In this way he enables the general-purpose 
computer to perform a specific problem. When it is finished, the computer 
can be set to perform a different problem by simply changing the program. 


It is the job of the programmer to specify all of the things that are variable 
in the performance of the computer. For instance, the computer must be 
told by the program which instruction to perform. If the instruction in¬ 
volves data, that data does not always come from the same storage register. 
Since this also is variable, it must also be specified in the program. The 
program, in general, specifies the sequence of instructions to be performed 
and the location of the data that is involved in those instructions. The 
programmer therefore is particularly interested in two things about a 
machine. One is the list of instructions that it can perform—since he is 
responsible for programming the sequence of these instructions, he must 
know precisely what each instruction accomplishes. The other is the 
memory, the main place of storage for all data. 






BEFORE THE COMPUTER SOLVES A PROBLEM 


MEMORY 


DATA WORDS 


later they are removed 
for computation 


Before the computer solves a problem, all of the data involved in the prob¬ 
ity must he loaded into the memory. This is generally true even where 
separate registers, such as the multiplicand-divisor register are used. Data 
is loaded into the memory, then goes into special registers. In the beginning 
all of the data is in the memory; Later it is taken out. word by word, to be 
used in computing. The answers from the computation are transferred back 
into the memory to be used later, perhaps for additional computation. When 
the final answer is produced, it is transferred from the memory to an output 
unit. The programmer must keep track of all this data, so he is very con¬ 
cerned with the memory. 


















PROGRAMMING 


Order In die Memory 

Memories often contain a thousand or more one-word registers, which 
necessitates having them arranged in some regular order. The programmer 
is particularly interested in this order so that he can keep track of where in 
the memory his data is stored. The memory is his stock room of data. He 
must be able to readily insert or remove any data word as required. 


THERE MUST BE ORDER IN THE MEMORY 



The memory has been compared with a hatcheck room, which stores a 
certain number of hats, just as the memory stores a certain number of data 
words. Each hat is stored in a separate bin, just as each data word is stored 
in a separate register. The hat bins are all arranged in a regular order with a 
special number for each bin. This is necessary so that the hatcheck girl 
does not hand you a black derby after you checked in a gray fedora. 
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THE COMPUTER REMEMBERS 


The Address 


MEMORY LOCATIONS HAVE ADDRESSES 


THE TICKET NUMBER IS THE HATS ADDRESS 


A computer memory is very much like this, It consists of a large number 
of one-word registers. They are arranged in a regular order and each one 
is assigned a number which is called its address. When, the programmer first 
puts data into the memory, he decides into which register each word of data 
will go. In other words he decides what will be the address of each word of 
data in the memory. When he wishes to take this data out of the memory he 
does not specify the data itself, but only its address. He knows that the 
data word he wants is stored at that address, because he himself stored it 
there earlier. We do the same with the hatcheck girl. We needn’t specify 
that we want a gray fedora with a little red feather. We merely give her 
the check with the number or address of the bin where she stored our hat. 
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THE COMPUTER REMEMBERS 


"Th® Content® oT 

Her* is an important difference between computers and desk calculators. 
In s desk calculator the operator keys in the very data he wants. If he 
wishes to add 47,623 to a number he presses the keys 4 7 6 2 3 on the key¬ 
board and then presses the add key. The equivalent Instruction to a com¬ 
puter might look like this: -f-325, This does not mean add the addend 325. It 
means add the data in memory location 325, whatever that data might be; 
In this example, the data in memory location 325 would be the addend 
47,623. 

It is the responsibility of the programmer to make sure that the right data 
is in memory location 325 before he calls for this instruction. He has to put 
that data into memory location 325 when he is loading his memory and he 
must keep track of its address. He never deals with the data itself. 


In A COMPUTER 


The Programmer , specifies The ADDRESS 


ram 


In A DESK CALCULATOR 

The Operator KEYS IN the EXACT DATA 
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The programmer is forever dealing with the contents of some memory 
location. He uses parentheses as a symbol meaning "the contents of". Thus, 
<325) means “the contents of mertiOry location 325.” Another example could 
be: (rC), or simply <C), meaning “iSie contents of register C.” 




THE COMPUTER REMEMBERS 


Keeping Track of Data 

To understand the job a programmer has in keeping track of data, we 
examine a simple memory. Here is a map of a simple memory containing 
,100 words. We can look upon it as a cabinet containing ten shelves, with 
ten bins on each shelf. 


MAP OF MEMORY 


Because it has 100 locations, this memory requires 100 addresses. We can 
assign them by using the 2-digit addresses 00 to 99. The first digit indicates 
the shelf 0. ; v,9 and the second digit one of the ten bins Q. . ..9 on that 
shelf. Thus, the address number 34 means bin 4 on shelf 3. 




THE COMPUTER REMEMBERS 


The Address Selector 


i^TOCK SHELVES 


PROGRAM 


CONTROL 


Outgoing Word 


ADDRESS 

SELECTOR 


MEMORY 


Incoming Word 


To use a memory like this requires some sort of address-selecting device. 
Like an automatic stockboy, an address selector obediently stores data in 
the location specified by the program. When the data is needed for com¬ 
puting, the address selector takes it from the specified shelf and the 
specified bin. Every computer has a switching arrangement which functions 
as an address selector. It is controlled by the program which connects the 
specified memory location with the rest of the computer. 


THE ADDRESS SELECTOR 1$ ^ 
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THE COMPUTER REMEMBERS 


Use of ike Memory 

Here is a simple example of how a programmer might Use the space in the 
rhemofy. He has stored a number represented by x in memory location 02. 
He has stored another number represented by y in memory location 31. 
During the course of computation: x and y will be added, arid he is reserving 
memory location 40 for their sum, x -f- y, The instruction which will cause 
them to be added is also stored in the memory, in location 15, 


In this example, the instructions are stored in the memory in the same man¬ 
ner as is the data. This is not always the case. Babbage’s original idea was 
to have a separate program store. A number of machines operating today,, 
especially the smaller machines, use separate program stores. However, it 
is characteristic of computers, and especially of large-scale ones, that pro-, 
'gram and data are stored in the same main memory. 

It is not necessary to store the data all together in one area of the memory, 
and the program all together in another area. Any memory location can 
accept either a data word or an instruction word. The separation between 
data and instructions in the memory is dependent upon the programmer. 
Just as the programmer must know where in the memory all the data is 
located, so he must know where in the memory all of the instructions in his 
program are. He can mix up data and instructions in any way that is con¬ 
venient, so long as he keeps track of the addresses of both data and instruc¬ 
tions and can call for them in the proper order. 
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The Instruction Word 

Let us consider what is in the instruction word, stored in memory location 
15, which tells us to add x and y. An instruction must both instruct the 
computer to perform an operation, and state the address of the data in¬ 
volved. Thus, an instruction has two parts: operation and addresses. 

In this case the operation is addition. The instruction must tell the control 
unit to switch on all those gates necessary to perform addition. The instruc¬ 
tion to add might be represented by an arbitrary pulse combination, so long 
as we design the control unit to recognize it, and cause an addition when it 
occurs. Some computers use the pulse combination for an alphabetic charac¬ 
ter to represent the instruction. Others use a two-digit decimal number. In 
our typical instruction code we will use a plus sign to represent the instruc¬ 
tion to add. 

The rest of the instruction tells the computer what data is involved in the 
addition by referring to the address of that data. We can see that to fully 
complete an addition operation as shown in the example, we must refer to 
three data addresses. We want to add x, which is stored in memory location 
02, to y, which is stored in memory location 31, then store the sum x 4* y 
in memory location 40. 

For the sake of the control unit we must specify still another address. The 
control unit must know where in the memory to find the next instruction. 
Suppose that in this case the next instruction is stored in memory location 
34. Note that this is the address of an instruction word, not a data word. 

We can call this the control address, in contrast to the data address. 

To specify all these things, the add instruction stored in the memory loca¬ 
tion 15 might read as follows: 

Data Addresses Control 



Operation Operand Operator Result Next Instruction 



What to do Where to find the data Where to find 


the next instruction 


AN INSTRUCTION WORD 
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1. AUGEND 


ADDER 


2. ADDEND 


4. NEXT INSTRUCTION 


CONTROL 
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Th© Four-Address System 

The operand and operator are the two numbers involved in the arithmetic 
operation. For addition they are the augend and addend, and the result is 
the sum. The programming system which uses instructions such as this is 
known as the four-address system. A computer using this programming 
system would perform the addition in the manner shown in the diagram. 


In the four-address system the instruction word is likely to be very long. 
This is especially true if each address requires three or four digits. It might 
be difficult to keep the size of the instruction wprd (and therefore the sift# 
of the storage register) within reasonable limits. Also, the four-address 
system does a number of operations at the same time, under control of one 
instruction. These considerations imply a large an<J expensive contrpl unit 
to be able to deal with all of these addresses. It is often an advantage to, 
break down an arithmetic operation such as addition into a number of 
simpler operations, eaeh involving fewer addresses. 
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THE COMPUTER REMEMBERS 


Simplifying the Instruction Word 

Take cmr example x -j- y. The four-address system performs the addition 
with one instruction involving three data addresses. Suppose that the addi¬ 
tion is dime in an accumulator such as described previously. It would be 
possible to accomplish it with the control of three instructions, each in¬ 
volving only one data address. The three instructions would then be: 


INSTRUCTION T 


INSTRUCTION 2 


mm 


. MEMORV 

'wm&m 


INSTRUCTION 3 


TRANSFER fh« augend from the memory into the accumulator register. 


ADD by transferring the odd-tMi from the memory inta the odder Af the 
some time the augend is transferred from the accumulwior register into the oddet. 
The sum of the two, * t y, is transferred horn the mlde* into the nttuimilotor register. 


TRANSFER the sum from the accumulator!© It* place of storage In The memory, 


The actual addition is step 2. It involves only on* data address, even though 
three distinct data words are involved. The augend comes from the accumu¬ 
lator register; and the sum is returned to the accumulator register by the 
normal aption of the accumulator. This is mechanized; it is not variable. 
Therefore it need not be specified in the program.. 
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REVIEW 


Control units, plus the basic tim¬ 
ing system of the computer, 
determine and sequence data 
transfers. They also direct each 
step of calculation, A control 
unit “administrates” completion 
of the instruction. Also, they 
detect errors in calculations and 
malfunctions of equipment. 


CONTROL TAKScS 
ORN9SFROM 


The programmer sequences instructions 
that the computer must process, in terms 
the computer can understand. He stores 
information for each instruction in the 
computer memory. Knowing what each 
instruction accomplishes, he arranges them 
so the computer can most efficiently com¬ 
plete a program. 


INSTRUCTION WO«OS 
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Before a computer solves a prob¬ 
lem, all instructions and operands 
must be in the computer memory,. 
During computer operation, data 
is taken from the memory in se¬ 
quence and transferred to the 
appropriate registers for process¬ 
ing. Computation results are trans¬ 
ferred back to the memory for 
read-out or further computation. 


In a digital computer’s memory, 
each location (address) holds an 
operand or instruction. The; ad¬ 
dress selector, controlled by the 
program, removes or restores data 
to the chosen address in memory. 
The address selector is effectively 
a switching unit which connects 
particular locations of memory 
with the rest of the computer. 
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Data Transfer Instructions 

Instructions with only one data address are simpler, but more of them are 
required to accomplish the same work. Many of the extra instructions do 
nothing but transfer data from on* register to another* The data is not 
changed because it does not pass through any processing units. 

If the add instruction adds a word from the memory to the former contents 
of the accumulator, the programmer must make sure that the data he wants 
for the augend is in the accumulator before he uses the add instruction. 
Therefore he must have an additional instruction merely to transfer a data 
word from the memory into the accumulator. After the add instruction, the 
sum is left in the accumulator. If the programmer wants it in the memory, 
he must use another data transfer instruction to send that word from the 
accumulator to a specified address in the memory These are two examples 
of one-word data transfer instructions. A machine using this type of pro¬ 
gramming system requires many one-word data transfer instructions to 
move data from the memory to the special registers in the machine, or from 
the special registers into the memory; In some cases there are Instructions 
to transfer from one special register to another. 

Another register we can expect to find in the computer is the multiplicand- 
divisor register, as introduced earlier in this course. The programmer needs 
a simple way to refer to these special registers, and often they are identified 
by letters. Let us say register “A” is our accumulator register and register 


DATA TRANSFER INSTRUCTIONS 
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Data Transfer Instructions (contd.) 


DATA ADDRESS 


INSTRUCTION 


CONTROL ADDRESS 


ADDER 


REGISTER 


The three instructions shown would he used with one of the types of two- 
address programming system, The two-address system of programming 
uses only one data address in an instruction plus the next control or in¬ 
struction address. Here is an example of how the simple operation x -f- y 
might be performed in a two-address computer. In this case we will store 
data and instructions in a 1000-word memory. 
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Conservation of Data 

A tape recording may be played over and over again and the music or the 
message is always the same. It does not change until a new message is 
recorded over it. Computer memories, at least from the programmer’s point 
of view, are like that. Data can he transferred out of a register again and 
again without clearing the register or changing the data in any way. It is 
only when new data is transferred into a register that the record of the old 
data is lost. This allows use of the same word over and over, as in the case 
of the multiplicand and divisor. 


register 


REGISIER 


Data transfer instructions are usually made so that they clear a register at 
the time of transfer into it, but they do not clear a register when they trans¬ 
fer data out of it. They follow what may be called a rule of conservation of 
data. A computer register always holds a copy of its former contents until 
immediately before a new data word is transferred into it. Sometimes 
separate instructions are used to clear registers. 
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The Single-Address System 

It is possible to mechanise the selection of the control address (or address 
pf the next instruction) so that it need not be specified in the instruction, 
This makes it possible to use a very simple instruction which contains only 
an operation and one address, the data address. However, if the control 
address is removed from the instruction* it must be held somewhere else. 
Computers that store singlet-address instructions in their main memories 
store the control address associated with the active instruction in a special 
register which we can call the control address register. 


INSTRUCTION 


CONTROL 

ADDRESS 


DATA 

ADDRESS 


CONTROL 

ADDRESS 

.REGISTER, 


OPERATION 


CONTROL 


In the four- and in some two-address systems, the control address is stored 
in the instruction because it is a variable. The programmer can store his 
program in any convenient order in the memory. The control address can 
jump about the memory in any order that he specifies- However, in the 
single-address system,this is not true. The control address cannot be variable 
because the programmer can no longer specify it unless he uses a special 
instruction to be described later. It must follow some definite order. In these 
cases consecutive instructions in the program are assigned consecutive 
addresses in the memory. The control unit, after completing one instruction, 
must go to the next consecutive control address to find the next instruction. 
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Advancing the Control Address 

Where the single-address system is used, the control address roust be ad 
vanced after each instruction. 
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A regular operation like this can easily be mechanized in the machine, 
usually by adding 1 to the control address each time an instruction is per¬ 
formed. This addition is performed by transferring the control address 
from its register to the adder along with a data train representing the num¬ 
ber 1. The sum (control address plus I) is transferred back into the control 
address register ready to gather the next snstruction. 
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Input and Output, Injections 

So far we have presumed that our data words and instruction words were 
already in the memory. The programmer needs a way of both loading them 
into the memory, and extracting the results out of the memory when the 
computation is done. Thin means that computers must have input and output 
equipment, and the programmer must have input and output instructions. 


On*-Word Output 


ONE-WORD INSTRUCTIONS 


Google 


There are two types of input instructions to consider: one-word and multi¬ 
word. The one-word instruction transfers a single word that is indexed on 
a keyboard into the computer memory. The multi-word input instruction 
transfers a number of words from a tape unit or punchcard reader into a 
computer memory. Similarly, there are one-word and multi-word output 
instructions. The one-word instruction prints a single word from the com¬ 
puter memory on some form of printing device. The multi-word output 
instruction transfers a number of words from the computer memory to the 
tape unit or card punch or high-speed printer. 

The one-word input and output instructions require a keyboard-printer 
device. This is usually a typewriter, an accounting machine or other small 
equipment, 
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Input and Output Instructions (contd.) 

Multi-word input and output instructions most frequently make use of 
either paper-tape readers for input and paper-tape punches for output, or 
punchcard readers for input and printers and card punches for output, 
or magnetic-tape units for both input and output. Larger computers use tape 
as the principal means of input and output because it is faster. But they also 
use a keyboard-printer for one-word input and output beeause it is useful in 
trouble-shooting and in checking programs. Some small computers use the 
keyboard-printer as a principal means of input and output. We will add to 
our instruction list one-word input instructions, K and P. 




TAPE OR 
CARD UNIT 


TAPE OR 
CARD UNIT 


COMPUTER 

MEMORY 


The use of tape units for input and output brings about a number of prob¬ 
lems which affect the programmer as well as the designer of the machine, 
We shall consider these problems later in this course. 
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The Instruction List 

At the present time the single-address system of programming is the most 
popular, so we will use the single-address system for our instruction list. 
Here is a list of the instructions that we have mentioned so far. Remember 
that ( ) means “the contents of” the specified memory location. 


I 


ARITHMETIC INSTRUCTIONS 


+ m ADD (m) to the number in the accumulator. 

- m SUBTRACT (m) from the number in the accumulator, 
x m MULTIPLY the number in the 

register B (the multiplicand-divisor register) by (m). 
t m DIVIDE the number in register A by the number in register B. 


DATA TRANSFER INSTRUCTIONS 


A m TRANSFER (m) into register A. 
M m TRANSFER (register A) into m. 
B m TRANSFER (m) into register B. 


INPUT-OUTPUT INSTRUCTIONS 


1 

. . .. .> ^ .... 




K m TRANSFER the number indexed or typed on the KEYBOARD mechanism into m. 
P m PRINT OUT (m) on the typewriter or other printing mechanism. 




mmmmm 


This list illustrates the basic types of instructions. The details of these 
instructions are not the same for all machines. Operands, operators, and the 
results are not always stored in the registers indicated on this list. Often 
there are other special registers. Note that the B transfer instruction is only 
used in preparation for a multiply or divide instruction. Often this transfer 
takes place as a part of every multiplication or division, and does not need 
a separate instruction. 
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Program Loops 

You may have wondered* how does a computer save time? It does the com¬ 
putation very quickly, but time saved by the computer seems to be lost by 
the programmer, who must laboriously make up the program, instruction 
by instruction, in advance. 

It is true that programming is sometimes a difficult and time-consuming job. 
However, the time that the programmer spends in making up a few instruc¬ 
tions is well spent because most of those instructions are used over and over 
again. Sometimes the same small program is used many times, but with 
different data each time. When a computer is used for a payroll problem, 
for instance, the same set of instructions may be used to compute the pay 
of each individual worker. 
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The arithmetic that a programmer uses is often repetitious; it finds a solu¬ 
tion by repeating a few simple operations over and over again. For example, 
the process of division that we learned previously is essentially a repetitious 
process. The computer builds up each quotient digit by over-and-over sub¬ 
traction, one restore addition,and a shift. If the quotient is a 10-digit word, 
the computer repeats this whole process ten. times, once for each quotient 
digit. 

A computer, we might say, finds answers by going around in circles. The 
programmer is forced to use loops in his program. Any computer could use 
up in a few seconds all of the instructions that it is capable of storing in 
its main memory. Thus the programmer^ tends to build his program so that 
it folds back upon itself and perfor?hs the same instructions over and oyer. 
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How to Make a Loop 

We can make a loop out of a length of tope by taking the end and bringing 
it back around to the beginnings We eantuake a loop out of a series of 
instructions by having the last instruction take us back to the first. This is 
how it is done in a computer* 


Suppose that we want to make a loop out of the first five instructions in a 
single-address machine. Remember that the control address* or the address 
of the active instruction, is contained in the control address register. Each 
time an instruction is performed, this control address is increased by 1 to 
bring us to the next instruction in consecutive order. To make a loop of the 
first five instructions, we must break; this consecutive order at the fifth 
instruction and go back to instruction 000. This requires a change of the 
control address. The programmer has instructions which can do this. An 
Instruction which changes the control address is called a branch, jump, or 
transfer, of control instruction. The programmer specifies in his branch 
instruction what he wants the new control address to be. 
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How to Break a Loop 

There are two types of branch instructions: conditional and unconditional. 
The unconditional branch instruction may be used as a loop-maker as we 
have just illustrated, or at any other time when the programmer is certain 
that he wants to change to some different part of the program. The con¬ 
ditional branch, as the name implies, does not always change the control 
address; it only does under certain conditions. The programmer uses it 
when he wants to make sure that the program will nut change until it has 
finished its work. Whenever the programmer uses a loop he must have some 
way of getting out of the loop after its job is done. 


He needs a loop breaker as well as a loop maker. The leap breaker is con - 
ditional. It must instruct the computer, under some conditions, to go around 
the loop once more, and under other conditions, to get out of the loop. 
Suppose we want to go around a loop ten times, We can use a conditional 
branch instruction to return us to the beginning of the loop after the first 
nine passes and to break the loop after the tenth pass. We will see how this 
could be done in a moment. First, hereare . two-; instructions thatwe nan add 
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A Typical Application 

Let us take an example f tom a billing program that a utility company might 
use. Such programs are full of conditions. For instance, if a customer uses 
less than 100 cubic feet of gas, he is charged at a certain rate. For quantities 
of gas over 100 cubic feet, a lower rate applies. Choice of the rate is con¬ 
ditional upon the quantity used. The programmer can build this choice into 
the program by using a conditional branch instruction. 
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The quantity 100 is stored in a memory location. For each new customer, 
the program might subtract 100 from the total amount of gas used and 
follow this subtraction by a conditional branch instruction. If more than 100 
cubic feet was used, the remainder is positive and the conditional branch 
instruction does not change the control address. In this case the program 
uses the lower rate. If less than 100 cubic feet was used, the remainder is 
negative. In this case the conditional branch instruction transfers to that 
part of the program which uses the higher rate. 

Computers having a magnitude comparator might compare the amount of 
gas consumed with 10Q in the comparator instead of by a subtraction. In 
this case the condition for transferring control would he a signal from the 
magnitude comparator, rather than a negative number in the accumulator. 
Some other variations are the equality transfer, which requires a change of 
control address if two numbers are found to be equal, and the error transfer, 
which branches to a special routine if an error occurs. We will study these 
units later in this course, 
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ScoH&g 


A compute? register holds, let us say, 12 digits. Usually the decimal point 
has a fixed position in the word. The most usual place ia all the way to the 
left, so that all numbers are considered to be less than 1, in this way : 


The programmer has to keep track of his powers of ten, just as the operator 
of a slide rule does. Suppose the answer from a slide rule is 127. The opera¬ 
tor must know where to place the decimal point, for the slide rule makes no 
distinction between 127,000,000 and .000127. The operator of the slide rule 
knows what the answer is because he has kept track of his powers of ten. A 
computer programmer must do the same. 

Suppose that we want to store the number 126.52. We can place the decimal 
point anywhere in the word, but the proper power of ten must be assigned. 
It is the programmer's job to keep track of the powers of ten. The manage¬ 
ment of the powers of ten, which is called scaling, is sometimes one of the 
most difficult jobs that the programmer 6as to do. 


One of the chief difficulties in scaling occurs while performing addition 
and subtraction. To subtract two numbers correctly we must first line up 
the decimal points, so that we are adding units to units, tens to tens, 
hundreds to hundreds, and so forth. For example: 


126.52 
+ 7.0245 


We Must Line Up 
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Scaling (could.) 

In terms of a fixed decimal point machine, this means that the numbers 
to be added or subtracted must be of the same power of ten. 


If the augend has been stored in the form .126 5ZQ 000 000 X 10 >a { the pro¬ 
grammer would have to shift it right two places before adding', : HU two chief 
scaling tools are two shift instructions, which are able to shift the con¬ 
tents of a shift register a specified number of positions to the right or to 
the left. Let us add them to oUr list of instructions. 


SHIFT the number in the accumulator h digit# RIGHT 


SHIFT the number in the accumulator w digits LEFT 




Multiplication and division operations change the scale of the dart** for in 
multiplying we add exponents, and in dividing we subtract theta. The 
programmer must keep track of this change, and shift the data bach into 
proper scale before the next addition or subtraction. 

The scaling problem applies to binary as well as to decimal computers, 
but in binary computers the programmer deals with powers of two instead 
of powers of ten. The shift instruction handles a specified number of 
binary digit positions, instead of decimal digit positions. 
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Automatic Seeding 

Scaling' is a tedious and time-consuming job for the programmer. Because 
of this, it is sometimes done by the computer itself rather than by the 
programme?. Computers that do the scaling automatically are called “float¬ 
ing decimal point" computers, or simply “floating point” computers. 
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SCAUNG DIGITS 


A floating point computer automatically keeps track of the powers of ten 
along with the numbers. Before adding or subtracting, it checks to see that 
the numbers to be added or subtracted have the same power of ten. If they 
are different it shifts the numbers to make them the same power of ten. 

To do this a floating point computer requires some indication of the power 
often along with each number. Usually two digits out of each word are used 
for this purpose, as shown in the Figure below. The programmer does not 
worry about decimal points because they will all be in the proper position 
relative to the most significant. A possible source of errors, misplacing 
decimal points, is therefore eliminated. The computer takes care of decimal 
notation, tvith the aid of the coded digits, during computation. Sometimes 
the two most, rather than the two least significant digits, are used to indicate 
the power of ten. 

The two scaling digits are not part of the number, but indicate an exponent 
attached to the number. In the operation of a floating point computer, they 
are separated from the rest of the word and treated as exponents. In multi¬ 
plication, while the numerical values are being multiplied, the exponents 
are added to determine the power of ten of the product. In division the 
exponents are subtracted to determine the power of ten of the quotient. 

A considerable amount of extra equipment is necessary in a floating point 
computer to perform these functions automatically. Often it. is possible to 
use automatic scaling techniques even in a computer that is not specially 
equipped for floating point operation. This can be done by the use of a 
special program which performs all the shifting, adding and subtracting 
required for automatic scaling. The use of such a program saves an equip¬ 
ment and programming time, but the program itself becomes more awkward 
and much more time-consuming than it otherwise would be. 
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HOW THE COMPUTER FOLLOWS ORDERS 


Addrese Modification 

The set of instructions is often used on different data, as in the case 
of the payroll calculation which was discussed earlier in this course. 
The instructions in the payroll program refer to a certain set of memory 
locations (addresses) for the data on the worker: his clock number, hours 
worked, rate of pay, and so forth. To use this same program for a number 
of different workers, the programmer must either bring the data for each 
worker into this standard set of addresses, or else change the addresses in 
the program so that they refer to a different worker each time they are used. 
Modification of addresses in the program is often the easier way. 


MEMORY 


CONTROL 


ADDRESS 

MODIFIER 

REGISTER 


Suppose that all the data on one worker is stored in ten addresses, and 
data for the next worker is stored in the following ten addresses, and so 
forth. We could use a program referring to the first set of addresses, then 
increase the addresses by ten to refer to each new worker in turn. In some 
computers this can be done by running the instruction word into the adder 
and adding ten to the address part of it, just as if it were a data word. 
This is done so often that some computers have a special register to hold 
the address modifier (in this case 10), called the address modifier register. 
Some computers gain even greater versatility by using several address 
modifier registers. 





HOW THE COMPUTER FOLLOWS ORDERS 


Address Modification (contd.) 

This type ofmachine can be mechanized so that the modifier is added to 
the instruction address when the address is taken out of the memory, while 
it is on its way to the control unit to cause the indicated operation. A 
machine of this type would require a transfer instruction to place the' 
modifier into the address modifier register. 
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In some computers, addresses are modified by means of a transfer instruc¬ 
tion which transfers only the address part of the word in the accumulator 
into a specified memory location, without disturbing the rest of the word 
in that memory location. Within the machine this is accomplished the same 
way as any other transfer instruction, except that only part of the word 
is involved. One variation of the address transfer is called the record or 
return instruction. This instruction transfers the control address ffom the 
control address register into a specified memory location. This is useful 
when leaving the main program and going into a loop. If is used to record 
the last control address in the main program so that, when the loop is 
finished, control can be transferred hack to the proper location. 
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HOW THE COMPUTER FOLLOWS ORDERS 


Subroutine Libraries 

The typical program consists of a number of subprograms or subroutines 
tied together by a main program. Some of these subroutines that are used 
very frequently are those for loading the memory, sorting of data, finding 
square roots, trigonometric and logarithmic functions, etc. If a programmer 
heeds such subroutines he can usually find them already prepared for use 
on earlier programs. In this case he may key the old subroutine directly 
into the new program, with perhaps only a change of memory address. 




Whenever subroutines are prepared that may be useful in later programs, 
they are saved, and often a large colIectiOtt, called a subroutine library is 
built up. With a large library of subroutines to call upon a programmer 
often can find some of his work prefabricated, done for him in advance. 
He can sometimes make a new program by tying together a number of 
prepared subroutines by means of a relatively simple master routine. 





HOW THE COMPUTER FOLLOWS ORDERS 


Automatic Programming 

Programming requires a certain amount of genius and involves a certain 
amount of drudgery. Most of the genius is in the overall planning of the 
program. Most of the drudgery is in the detailed coding; that is;- in ex- 
pressing the individual instructions in the instruction code of a particular 
computer. 

It is one of the functions of a digital computer to avoid drudgery by per¬ 
forming tedious operations automatically. It should not be surprising, then, 
that programmers (who are an ingenious lot) have found ways to make 
even programming partly automatic. Automatic programming involves the 
use of a program (sometimes called an executive routine) to make up other 
programs. This eliminates most of the drudgery and some of the genius. 


■ 


ip»: 


Automatic programming systems often relieve the programmer of the job 
of coding. They do this mostly by copying already coded subroutines from 
a large library o£ subroutines which have been indexed and stored on 
magnetic tape, ready to be copied. Automatic programming also relieves 
the programmer of the problem of keeping track of memory addresses 

Memory addresses are assigned automatically. The work of programming 
is reduced to a minimum so that problems can be programmed easily, rapidly 
and accurately. 




REVIEW 



Computer registers can be consulted 
repeatedly without destroying their 
information. Old data is erased only 
when new material is written into the 
register. The main memories of com¬ 
puters are not data-conserving flip-flop 
types, so special techniques are needed 
to preserve- used data. For program¬ 
ming purposes, data-transfer instruc¬ 
tions clear a register when new 
information is introduced, not when 
data is merely read out. 
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Input and output units are controlled 
by the program with one-word in¬ 
struction transfers (a single word 
from keyboard index to computer 
memory), or by multi-word instruc¬ 
tion transfers (many words, requiring 
tape, unit or card reader). Output 
units for both one- and multi-word 
transfers are small keyboard printers 
or high-speed teletypers. 




A program loop is a series of instruc¬ 
tions which jump (branch) back from 
the last instruction to the first. A copy 
of the first instruction is retained in 
the computer memory at a specified 
control address. The branch instruc¬ 
tion interrupts the normal sequence of 
instructions but it is very useful to the 
programmer. ; 


The programmer, must devise for the 
computer a system of sealing (keeping 
track of decimal points or powers of 
10), The chief difficulty is in digits 
being added or subtracted, where 
decimal points must be matched. 
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PREFACE 


This course was developed over the past four years while in use as a 
training program for computer technicians and field engineers. Its aim is 
to provide an easy path to a fundamental digital computer background. 

It has been the experience of the computer field that.persons who wish 
to learn about computers, or expand their knowledge of them, face a com¬ 
mon initial task: regardless of what system they are learning, they must 
first become oriented to “computer thinking.” They must learn the back¬ 
ground, the language, and the basic elements. They must become familiar 
with the fundamental concepts of storage, control, timing, arithmetic, and 
programming. With this background mastered, it becomes relatively easy 
to learn the details of any specific computing system. 

Material is included in these volumes on the basis of its being common to 
or representative of digital computers in general. The book therefore fits 
naturally into the “basic” electronic series. The material is not difficult 
when reduced to fundamentals, but many of the ideas are unfamiliar in 
the experience of the average technician, and therefore the value of clear 
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LOGIC BLOCK DIAGRAMS AND SYMBOLS 


The Reason For Block Diagrams 

The larger a system becomes, the more the understanding of it depends on 
the use of block diagrams. One can carry the block diagram of a superhetero¬ 
dyne radio receiver in one’s memory. This is more difficult with the block 
diagram of a complex radar system, and still more difficult with a computer. 


BUILDING BLOCKS OF THE DIGITAL COMPUTER 



Functional block diagrams are of great importance in designing a computer. 
Complete systems can be arranged by means of block diagrams even before 
circuit breadboards are built. The trouble-shooter relies heavily upon the 
use of block diagrams, because his biggest problem is to localize a fault to 
one unit in a complex system. 

A computer is characteristically built of only a few basic building blocks. 
These blocks, such as gates and flip-flops, are used again and again in 
different combinations to perform different functions. Therefore the be¬ 
ginner should learn these basic blocks well. By learning the rules of opera¬ 
tion of these few units, one is able to figure out the operation of the most 
complex systems. 
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LOGIC BLOCK DIAGRAMS AND SYMBOLS 


Gating Elements 

Earlier in this course we had one example of how a gate might be used. 
It was a data-transfer gate used by the control unit to control the transfer 
of data from one part of the machine to another. This is only one of the 
many ways that gates are used. 

Remember that a gate is like a conditional switch. In its broadest sense, 
the term “gate” is used to describe an element which has an output and a 
number of inputs, and which is designed so that an output signal is produced 
only when certain input conditions are met. There are two common types. 

1. The AND-gate or AND-element produces an output signal only when 
all of the input signals occur. We will refer to it hereafter as the 
AND-element. 

2. The OR-eiement produces an output signal whenever any one of its 
input signals occurs. 

Much of the operation of a computer is built around these two elements. 
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In the example given, the gate is an A ND-element which passes the data 
only when the proper signal is produced by the control circuits. Even 
though the data word is always present at one input to the AND-element, 
it gets through only when the control signal is present at the other input. 
This illustrates the basic rules of operation of an AND-element: 

1. All signals must be present on the input to produce a signal on the 
output. 

2. If any input signal is missing, there will be no output. 













LOGIC BLOCK DIAGRAMS AND SYMBOLS 


The AND-Element 

The A ND-i unction has been compared to a number of switches in series. 
Each switch represents one of the inputs of the AlYD-element. If any one 
of the switches is open the circuit is broken; no signal will get through 
unless all of the switches are closed. 



In computers we are dealing with binary, or two-level, signals. At any 
instant a signal will be either at the higher-voltage level or at the lower- 
voltage level. Let us assume the high level to be the significant one. That is, 
we will consider a signal present at the AATD-element if its level is high, and 
not present when its level is low. Using this convention, we can restate 
the rules of operation in terms of two-level signals. 
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LOGIC BLOCK DIAGRAMS AND SYMBOLS 


The OR-Elemen* 

There is nothing new in the idea of a buffer, or Of?-element, It is art 
element which allows signals to pass from any one of a number of inputs 
to a common output, without allowing any interaction among the inputs. 


In the accompanying diagram, a signal occurring on input a would be 
passed on to the output, but would not be connected to the other inputs, 
b and c. 

In a computer we look upon the buffer as an element which allows signals 
from different sources to flaw to a common destination. It accepts signals 
from any source whenever they occur. It provides an output signal when¬ 
ever any one or more of its input signals occur. In terms of logical relation¬ 
ships, this is called an OR element because the output d is high if input 
a OR b OM c is high. 

In terms of the two-level signals used in computers, we can state the laws 
of operations of an OJ?-eIement as follows: 


Any High Input Provides 
A High Output . 




output 
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LOGIC BLOCK DIAGRAMS AND SYMBOLS 


Application of OR-Element 


switches in parallel 


The operation of an OR-element has been compared to the operation of 
switches in parallel. Here an open switch is like a low input and a closed 
switch is like a high input. The input signal will pass to the output if 
switch a OR b OR c, or any combination of them is closed. 
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address 
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register 


It is characteristic of a computer that it uses the same logical units for a 
number of different functions. An adder is an example of this. We have 
Already seen how an adder might be used for addition, subtraction, multi” 
plication, division and address modification. Suppose that, addition and 
subtraction require a data transfer from the memory into the adder, 
multiplication and division require data transfers from the multiplicand- 
divisor register to the adder, and the address modification requires a data 
transfer from the address modifier register to the adder. An OR-element 
Is required at the input to the adder to combine these three data-transfer 
paths, This Oi?.-element allows either the memory OR the multiplicand- 
divisor register OR the address modifier register to be connected to the 
adder, without connecting the three registers together. Data can flow 
through the OR-elensent in one direction only. It cannot flow back out onto 
any one of the other input lines. 














FLIP-FLOPS IN THE COMPUTER 


We discussed the Hip-Hop briefly earlier in this course. This element is 
also known as a trigger, or toggle. The name “toggle” is very descriptive 
because it points out the analogy betweeh this unit and a mechanical toggle, 
such as that used in the ordinary wall switch. 


The FLIP-FLOP is like a TOGGLE SWITCH... 

it can be in ONE 
stable position 


high output 


or the OTHER 
but NOT in between 


reset 


The toggle switch has two stable positions: on and off. It roust be in either 
one or the other of these two positions. It cannot be balanced in between, 
because toggle action will snap it to one stable position or the other. 
It requires a definite push to put an off toggle into the on position, and a 
push in the opposite direction to put it back into the off position. However, 
once the switch is placed in the desired position it remains there in¬ 
definitely. To use computer terms, we can say the toggle provides a memory 
of the direction in which it was last pushed. Because it can remember one 
of two positions, we can call it a binary memory. 
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The operation of an electronic flip-flop is very similar to that of a mechani¬ 
cal toggle. It has two stable states and must settle into one or the other 
of them. We can call the stable states set and reset. Like the toggle it 
requires a push to get it into the desired state. 

In the case of the flip-flop, the push is a pulse on the set or reset input. 
This pulse need only be of short duration, long enough to cause the flip- 
flop to start to change its state. Then the toggle action will lock the flip-flop 
into the new condition. The flip-flop has two pulse Inputs and two static 
outputs. A pulse on an input produces a static signal on the corresponding 
output. The flip-flop can be considered as providing a static memory of the 
last pulse on its inputs. 





FLIP-FLOPS IN THE COMPUTER 


Setting and Besetting the Flip-Flop 

In terms of the two levels of signals used in computers, and remembering 
that We consider the high level as-the significant one, we can state the ruleis 
of operation of the flip-flop as follows: 

1. A positive-going pulse on the set input provides a static high signal 
on the set output. 

2. A positive-going pulse on the reset input provides a static high signal 
on the reset output. 


1 
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One of the important facts about the basic flip-flop is that the two outputs 
are inverse. The two outputs are always at opposite voltage levels. When 
one is high, the other is low. When one goes down, the other must go up. 
These rules of operation are illustrated in the timing chart. 
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FLIP-FLOPS IN THE COMPUTER 


Seeing and Resetting the Flip-Flop (contd.) 

The timing chart also points out another rule of operation of the flip-flop 
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Timing g h a r t 

Refer to the timing chart shown. You will notice that the input pulse X. 
on input line a has ho effect on the condition of the high signal on output 
line. This is the same as saying that it does no good to try to push a toggle 
switch on if the lights are already on. Conversely, it does no good to try 
to flick the switch off if it is already off. One other thing: 
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Unless the circuit was designed specifically to respond to this situation, 
we would be unable to predict which pulse would win out. This is one 
thing the designer must be careful to avoid when he uses flip-flops to 
organize the logic of a machine. 
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FLIP-FLOPS IN THE COMPUTER 


The Meaning of Flip-Flop Outputs 

The Bip-flop is a binary storage element. We have already considered that 
a flip-flop might he used to hold one bit (binary dig it) of a binary number. 
When used this way* the set output is labelled / and the reset output is 
labelled O. The condition in which a flip-flop is set or reset is known as 
its stare. When it is set to the /-state, the /-output Is high and the O-output 
is low. When it is reset to the O-state, the O-output is high and the /-output 
is low. 

The meaning of flip-flop outputs is not limited to binary numbers. A flip- 
flop can hold any binary information. It can be used to represent any two 
opposite or mutually exclusive conditions. We can use it to hold the sign 
of a number, since the sign must be either plus or minus. The choice is 
binary. The flip-flop could be used on the output of a sign comparator tq 
store the results of the comparison of signs. In this case, one output would 
be labeled “like signs” and the other "unlike signs,” Again the choice is 
binary. The signs must be either like or unlike. 


A flip-flop is usually given a name or a. number which corresponds to its 
function in the computer. In some systems this designation is applied to 
the set output of the flip-flop. The reset output signal also bears the same 
name or number, with an overscore to indicate it is the inverse signal. 
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FLIP-FLOPS IN THE COMPUTER 


A Sign Comparator Bulb ot Bask Elements 

One of the units that is required logically in the arithmetic circuits of a 
computer is the sign comparator, Here 


example of how the basic 
building blocks— Sip-Hops, AND-elements, and OR-elements—can be used 
together to perform the function of sign comparison. 
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The signs to be compared are held in two flip-flops, FFI and FF2, whose 
outputs are labeled -f- and — Bear in mind that if a flip-flop holds a plus 
sign, its - 4 - output is high and its — output is low. If it holds a minus sign, 
its — output is high and its 4- output is low; 

The chart above shows that there are only four possible combinations of 
plus and minus signs that can be held in the two flip-flops.. Two of these 
indicate the condition like signs and the other two indicate the opposite 
conditio ft unlike signs,. 
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FLIP-FLOPS IN THE COMPUTER 


A Sign Comparator Built of Basic Elements (contd.) 

An immediate way to compare signs is to check to see which of the four 
combinations is stored in the flip-flops. This can be done by four AND 
elements, one for each combination. Consider how the first AND-element 
detects the combination plus-plus. This AND-element has two inputs, one 
from the plus side of each of the two flip-flops. Both inputs are high only 
if both FF1 and FF2 hold a plus. 



In this case, the first AND-element develops a high output. All of the other 
AATD-elements have at least one low input from the minus side of one of 
the flip-flops. Therefore, the outputs from all of these other AATD-elements 
remain low. Remember the AND-e lement function: high output occurs 
only when all input signals are high simultaneously. For each different 
combination of signs, the appropriate AND-e lement develops a high output. 
We do not need to know the precise combination of signs, but only whether 
the signs are like or unlike. Therefore the two combinations, plus-plus and 
minus-minus are joined by an OJR-element to give a single indication of the 
condition like signs. Similarly, the remaining conditions plus-minus and 
minus-plus are joined by another OR-element to develop an unlike signs 
signal. 
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FLIP-FLOPS IN THE COMPUTER 


Counters 

The counters used in computers may be built of AND-elements and flip- 
flops, or from a variety of different components. The counters shown in the 
figure below illustrate only the storage function; of counting circuits. The 
other components which accompany all counters are not present in the 
figure, but several examples will be developed during this course. 


Crt7<y 


The progression of counting, explained earlier in this course, is the same 
regardless of the base of the numbering system being used. First, a counter 
roust have some method of storing as many discrete counts as can be held 
in a single column. A decimal counter must have storage lor ten counts, 
but a binary counter need have storage for only two counts. A decimal ring 
counter is shown below. The ten blocks here represent ten storage elements 
to hold the counts 0... 9, At any time, one and only one of these storage 
elements is active. 


t Decimal tjr Bass-ID Ring Counter J| 


The base to which a counter counts is sometimes called its modulus, A 
decimal counter, for instance, may be called a base-10 or modulo-10 counter. 

We have used a modulo-10 decimal counter as one example. A ring counter 
can be made to count to any other base. We could change the decimal 
counter to a modulo-12 counter simply by adding two more storage units 
at the end of the chain, before going back to zero. 


carry 


Counters that are used to do arithmetic are usually base-10 counters. How¬ 
ever, in computers counters are very often used for control. For example, 
a counter might be used to count the number of digits in a word. Such a 
counter would probably operate to some other base than ten; 
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FLIP-FLOPS IN THF COMPUTER 


Counters (contd.) 

In a ring counter the highest storage element is tied back to the lowest, 
so that the storage elements form a ring, just as the teeth of a mechanical 
counting wheel form a ring. In this way the counter obeys the second rule 
of counting systems: whenever a column holding the highest character 
receives another count, it goes back to zero and develops a carry. If more 
than one column is used, the carry count from one column is used as the 
count input to the next more significant counter. 

Let us see how a ring counter works,. Here we will use flip-flops and AND- 
elements to illustrate the principles, although later in this course we will 
see the same function performed by tubes and magnetic, cores. 

In a ring counter the incoming count pulse must advance the count to the 
next higher storage unit or flip-flop. To do this, the count pulse must do 
three things: 

The Pulse 
Count Must P 


TO NEXT 
FLIP-FLOP 


The set output of each flip-flop is applied to an 4AU?-element. Because 
only one .flip-flop is set, only one of these ^IVU-elements will have a high 
signal. The count input is applied to all of these j41\TD-elements, but it is 
able to pass only through the one that is selected, The pulse through the 
selected ANt>-e\ement has two functions: 
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FLIP-FLOPS IN THE COMPUTER 


Binary Counters 

If we want to use a counter to count in the binary system we need storage 
for only two conditions, 0 and JR 3ny column. This gives us a very simple 
counter. We need not use two flip-flops to represent the two conditions, 
but we can use a single flip-flop with its set state representing 1 and its 
reset state representing 0, When they employ flip-flops, binary counters 
are very economical, and are therefore often used in computers. 


carry 


Storage Economy of the Flip-Flop 
in the Binary Number System 


In the binary system the process of counting becomes a simple alternation. 
If an incoming count finds the counter at 0 it advances it to 1. If it finds 
the counter set to I it returns it to 0, and develops a carry. Its operation 
therefore is similar to a headlight>dimmer switch in an automobile. Each 
time we step on the switch it changes the condition of the headlights. If 
the high lights are on it switches to the lower lights, and vice versa. 


cseh 1i$s* b Binary Counter Te THr Opposite Owdifion 
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FLIP-FLOPS IN THE COMPUTER 


The binary progression chart shows the behavior of a binary counter con¬ 
sisting of four columns. Four binary counters are connected so that the 
carry from the units column advances the twos column, the carry from 
the twos column advances the fours column, and the carry from the fours 
column advances the eights column. The units column alternates its position 
from 0 to i or from 1 to Q every time it receives a count. When it goes from 
1 back to 0, it develops a carry to the twos column. The twos column also 
alternates each time it is advanced, but it is advanced only for every-other 
count input (when the units column develops a carry). Similarly, the fours 
column alternates its position each time it receives an input, but it only 
receives an input every fourth count (when the twos column develops a 
carry). And again, the eights column alternates on every eighth count. 
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FLIP-FLOPS IN THE COMPUTER 


Binary Counter Logic 

This type of alternating action is often used in computers. It can be repre¬ 
sented by the simple flip-flop block diagram using an input to the center 
of the diagram and an output from the center of the diagram. 


A FOUR-COLUMN BINARY COUNTER 


Binary 

Counter 

a! 



Binary 

Counter 



<coi 

. X r'- 


eights 

column 


fours 

column 


twos 

column 


ones 

column 



This input is sometimes called a complementing input because, in reversing 
the condition of the flip-flop, it provides the binary complement of the 
number that was in it- It is also sometimes called the inverting input, and 
at other times, the upsetting input, indicating that flip-flops can be set, 
reset, and also upset. The computing field is full of such jargon. 

A four-stage binary counter can be shaysm in a simplified form by means 
of four complementing flip-flops arranged in series. The carry output of 
each flip-flop Is applied to the complementing input of the next. 










FLIP-FLOPS IN THE COMPUTER 


Binary Counter Logic tconteL} 

We now take a closer look at this operation to see how it can be performed 
by AND-e lements and flip-flops. Each incoming count pulse reverses the 
previous condition of the flip-flops. Specifically, the count pulse resets a 
flip-flop that was set. If the flip-flop is in the reset condition to begin with, 
then the cOunt pulse sets it. This action is called conditional switching. The 
element which can perform such switching is the ANI)~el&eaant. This 
operation can be expressed in terms of two AJVZ>-functions as follows: 


THE BINARY COUNTER 

CAN BE MECHANIZED LIKE THIS 


This logic can be mechanized by combining a flip-flop with two AND- 
elements as shown in the diagram above. Sometimes separate AND-t lements 
are used, as shown here In other cases,; the flip-flop circuit is designed 
with the A#D'function built in as part of the circuit. 
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THE DELAY PRINCIPLE 


The Delay 

There is nothing difficult about the idea of the delay. Theoretically it is 
an element which delays a signal in time without changing the signal in 
form. Actually, there is some distortion of a signal as it passes through a 
delay, and delay lines are sometimes purposely used to stretch pulses. 
However, the bash function of the delay is merely to change the time of 
occurrence of a signal without otherwise changing that signal. 



THE DEL Ay CHANG ES THE TIME Of BHH B H ra 
HBHBi OCCURRENCE O f THE SIGNAL 



The Daisy Line 


A pulse train passing through an ideal delay can be compared to an auto¬ 
mobile taking a road detour. While the car travels on the main highway 
it runs at high speed. The detour forces it to slow down, until it returns 
to the main highway and resumes its high speed. The car arrives at its 
destination later than it would have had it not been detoured. 
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THE DELAY PRINCIPLE 


Application of the Delay 



Here is an example of one way that a delay is used. Suppose that two signals, 
X and Y, are generated at the same time. They must ultimately be brought 
together at an AND-element. The Y signal can be applied directly to the 
AND-element, but the X signal must first pass through some other units 
of equipment. In passing through these units, the X signal inevitably 
suffers a little delay in circuitry. Because of this delay, it would be late 
in arriving at the AND-element, which will not produce an output unless 
the input signals coincide. If the signal were delayed as much as shown 
in the figure an output X Y would not occur. 



The difficulty can be solved by adding a compensating delay, so signal Y 
travel time equals that of signal X. With both signals delayed the proper 
amount, they coincide at the AND-element input and produce the delayed 
signal X Y. 


Digitized by 


( 2 - 20 ) 


Original from 

UNIVERSITY OF MICHIGAN 


















THE GERMANIUM DIODE AS A RECTIFIER 


The Usdvihroter ■ -- - y. 

The itnivibrator, or delay multivibrator,; is the same as the one-shot multi¬ 
vibrator that Js frequently used in radar and TV equipment. Newcomers to 
the field are ol'ten more familiar with the univibrator than with the other 
elements used in computers. In computers the univibrator is used mostly 
as a synchronizing device. It synchronizes the fast time scale of electronic 
circuits with the relatively slow time scales of input and output equipment. 



A pulse on the input provides a high SET output,.. 

But only 


1 


set 



OP mi ION OF THE UNIVIBPA TOP 


Then the circuit 
automatically 
returns to the 
stable RESET » 
state 






^mm 


The univibrator is similar to the flip-flop. It is set by a single pulse and 
can provide on its output two inverse signals, it is unlike the flip-flop how¬ 
ever, in that it has only one stable state rather than two. It will not lock 
into either extreme condition like the toggle. Instead, it always returns to 
one favored condition, its reset state, its set output therefore is normally 
low and its reset output (if it is used) is normally high. Because the uni- 
vibrator returns by itself to the reset state, no reset input is required, as for 
the flip-flop. Only a set input is required. 

An input pulse sets the univibrator into its unstable state. It remains in 
the set state for a certain period of time, and then returns to the stable 
reset state. This period of time can be controlled by the selection of elec¬ 
tronic components used to build the univibrator circuit. 
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THE GERMANIUM DIODE AS A RECTIFIER 


The Uuivibtcrtor (cootd.) 

The operation of the univibrator is shown in the timing chart below. An 
input pulse reverses the outputs of the univibrator for a certain fixed 
period of time. Then the outputs return to their normal states. The uni- 
vibrator is used to set apart a certain period of time following the occur¬ 
rence of a pulse on its input. 


SET INPUT 


SET OUTPUT 


RESET OUTPUT 


} * " •* " ** DURATION 


Its operation may be compared to a pushbutton-controlled traffic light at 
a pedestrian crossing. Normally the traffic on the highway has a green light 
and the pedestrian has a red light. When the pedestrian pushes the button 
the signals reverse; the traffic is stopped and the pedestrian gets the green 
light. A timer in the control mechanism keeps the lights in this condition 
long enough for the pedestrian to cross, then the lights automatically 
return to their normal conditions. This is generally analogous to the way 
univibrators are often used in computers. 













A gate is like a conditional 
switch* and may be used to 
describe an element which has 
an output and a number of in¬ 
puts, The gate is designed so 
that an output signal is produced 
only when certain input condi- 
tions are met. An AND*e lenient 
gate passes the data only when 
the proper signal is produced by 
the control circuits. Though the 
data word is always present at 
one input to the AATD-eleraent, 
it gets through only when the 
control signal is present at the 
other input. 


Stock Ptofre* Shewing Gates 


An 0/?-element is required at 
the input to the adder to combine 
the data-transfer paths. This ele¬ 
ment allows either the memory 
or the multiplicand-divisor regis ¬ 
ter or the address-modifier regis¬ 
ter to be connected to the adder* 
without connecting the three 
registers together. Data can flow 
through the OjR-element in one 
direction only. 


JtWstr 


adder 


tMKU- 
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One of the units required in the 
arithmetic-element logic of a 
computer is the sign comparator. 
Signs can be compared immedi- 
dately by checking to see which 
of the four combinations is 
stored in flip-flops. This can be 
done by four AJVD-elements, one 
for each combination. The first 
AlVD-element can detect the 
combination plus-plus. This ele¬ 
ment has two inputs, one from 
the plus side of each of the two 
flip-flops. Both inputs are high 
only if both FFl and FF2 hold 
a plus. 
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THE GERMANIUM DIODE AS A RECTIFIER 


Crystal Diodes 

We will now develop a simple approach to computer circuits. Our object 
is to point out some elementary types of circuits commonly used in digital 
computers, and to describe their operation. To achieve this we simplify 
their principles and avoid the complexities that are important to a designer 
but not essential to understanding the operation of these circuits. 



Crystal diodes first became popular in the days of the old-fashioned crystal 
radio sets. In those receivers, the detector consisted of a piece of fine wire 
(cat’s whisker) and a crystal of galena. One had to explore the face of the 
crystal with the cat’s whisker in order to find a point that was sensitive 
enough to provide good diode action. 

The principle of these old crystal diodes is the same as the principle of the 
modern diodes used in computers today. When a cat’s whisker or a small 
piece of* metal is held in contact with certain crystalline materials, electrons 
flow easily from crystal to cat’s whisker, but not from cat’s whisker to 
crystal. 

The old galena cat’s-whisker diode was delicate and difficult to use. It was 
replaced when the vacuum-tube diode was developed. Vacuum tubes were 
used almost exclusively until recent years. 
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THE GERMANIUM DIODE AS A RECTIFIER 


Some Advantages of Crystal Diodes 

With the development of radar and television circuits, large numbers pf 
diodes were needed lor clamping and limiting functions. This increase : in 
use led to the further development of crystal diodes. 


One advantage over tube diodes is that crystal diodes are very small and 
light in weight. Also, crystal diodes can Operate cold, whereas tube diodes 
require heater power; they are mote reliable and longer-lived, and they 
introduce less capacitance into circmts than do tube diodes. Less capaci¬ 
tance is one of the most important advantages because, as we shall see 
later in this course, any capacitance in computer circuits that is not pur¬ 
posely introduced makes the designer’s work more difficult 
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crystal 
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permanent contact 


cat's whisker 


sealed envelope 


Diodes have been developed which use crystals of germanium. In these the 
contact of cat’s whisker to crystal Is permanent and the unit is sealed in a 
closed container; These diodes are popular for use in pulse circuits, es¬ 
pecially for clipping, clampihgVand,damping functions. They are also used 
for these purposes in computer circuits. 
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It was soon discovered that diodes could be used to perform logical func¬ 
tions in a computer, particularly the AND- and OR-functions. Typical 
computer systems using tube-and-diode circuits contain thousands of 
germanium diodes in the logical circuits, as well a9 for electronic purposes. 

There are many types of germanium and silicon diodes, all differing in 
construction and characteristics. The designer considers the diode a subtle 
component; it is a nonlinear element (there is a nonlinear variation in 
the diode resistance according to the signal applied). From the operational 
view, however, most diode circuits used in computers are not very complex. 
To understand their function as simple switching circuits, we need only 
consider the fundamental characteristics of the diode. 


INTERNAL STRUCTURE OF A TYPICAL CRYSTAL DIODE 
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THE GERMANIUM DIODE AS A RECTIFIER 


Forward Resistance And Back Resistance Of The Diode 

An ideal diode would have a forward resistance of zero and an infinite 
back resistance. That is to say, electrons would flow from cathode to plate 
as if the diode were a short circuit; but in the opposite direction, electrons 
would face an open circuit preventing all electron flow from plate to 
cathode. In actual practice, however, diodes fall somewhat short of this 
ideal. 

The typical tube diode has a forward resistance of approximately 1000 
ohms and a back resistance in the order of 4 megohms. The resistances 
of germanium diodes vary with type and also with signal applied, since 
they are non-linear elements. In general, however, both forward and back 
resistances in germanium diodes are much lower than in tube diodes. 



In some types, forward resistance is only a few ohms, so that hardly any 
voltage-drop occurs across the diode due to current flowing in the forward 
direction. This is a very desirable characteristic. A forward resistance of 
100 ohms may be considered a typical value. 

When crystal diodes were first introduced, the back resistance varied widely 
and was often quite low. Diode circuits were designed to operate with 
back resistances of 50,000 ohms, or even lower. Recent improved diodes 
often have back resistances consistently higher than 1 megohm. A back 
resistance of 200,000 ohms may now be considered a typical value. 
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THE GERMANIUM DIODE AS A RECTIFIER 


Current and Voltage Limitations 


lieov'Y electron How 


heavy electron tic 


Most diodes can stand considerable current in the forward direction and 
can tolerate a temporary overload of forward current without damaging the 
diode. In this, they are like vacuum tubes. However, diodes are severely 
limited in the amount of reverse current that they can tolerate. A large 
reverse current breaks down the resistance barrier of the diode, causes 
excessive diode heating, and in general alters the characteristics of the 
diode material so that it is useless for rectification. For this reason there 
is a definite limitation placed on the inverse voltage (plate negative to 
cathode) and therefore on the reverse current that can be applied to the 
crystal diode. This is so even fur short periods of time. The maximum 
allowable inverse voltage is known as the peak inverse voltage rating of 
the diode. 
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THE GERMANIUM DIODE AS A RECTIFIER 


The Diode As A Switch 


PLATE POSITIVE with respect to cathode 


the LOW FORWARD RESISTANCE is like a CLOSED SWITCH 


PLATE NEGATIVE with respect to cathode 


Electron Flow 


tplqte tp cathode 


the HIGH BACK RESISTANCE is like an OPEN SWITCH 


The easiest way tq understand the operation of diodes In simple circuits 
is to think of them as switching elements. They are like switches that open 
or close, depending upon the voltage applied across them. Two rules which 
are most useful in understanding the operation of diodes are: 

1. When the voltage on the plate of the diode is positive with respect 
to the voltage on its cathode, the diode conducts in the forward direction 
from cathode to plate. In this case the diode presents a low resistance, 
and can usually be considered as a .short circuit, or a closed switch. 

2, When the voltage on the plate of a diode is negative with respect to 
the voltage on its cathode, the diode tends to conduct in the backward 
direction, from plate to cathode. The diode presents a very high re¬ 
sistance to electron flow in this reyerse direction, and can usually be 
considered to be an open switch. 
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Switching the Diode 

A signal varying from —20 to +20 volts is applied directly to a resistor 
and diode connected in series. The cathode of the diode is tied to ground. 
When the signal is at the + 20-volt level, the plate of the diode is positive 
with respect to its cathode. The diode presents a low resistance and elec¬ 
trons flow from ground through the diode and resistor to +20 volts. Con¬ 
versely, when the signal is below ground at the -20-volt level, the plate 
of the diode is negative with respect to its cathode. Electrons try to flow 
through the diode from plate to cathode. The diode, however, presents a 
high resistance to electron flow in this reverse direction. 

When CURRENT changes DIRECTION the DIODE changes its RESISTANCE to the CURRENT 



When the current changes direction, the diode changes its resistance. 

When the DIODE SWITCH is CLOSED When the DIODE SWITCH is OPEN 

the RESISTOR determines RESISTANCE the DIODE determines RESISTANCE 

+20 v -20 v 
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Let us assume the typical front and back resistances of a typical diode to 
be 100 ohms forward resistance, and 200,000 ohms back resistance. Figure B 
has a 10,000-ohm resistor and a diode connected in series from signal to 
ground. 

When the +20-volt signal is applied, the 100-ohm forward resistance is 
negligible compared to the 10,000-ohm resistor. The impedance of the 
circuit is determined by the resistor, as shown in the first part of Fig. B. 
Now, as shown in the second half of B, we suddenly change the polarity 
of the signal to —20 volts. In this case, the impedance of the circuit is 
determined by the diode because the value of the 10,000-ohm resistor is 
negligible compared to the 200,000-ohm back resistance of the diode. 
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THE GERMANIUM DIODE AS A RECTIFIER 


SgndOsipiil 


+20 volt* 


SIGNAL OUTPUT ACROSS 

—20 volt* 


0 volt* 


The positive-going 
signal develops 
across the RESISTOR 
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(across diode) 


The negative-going 
signal develops 
across the DIODE 


—20 volts 
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THE RESISTOR 
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Consider the resistor and diode as a voltage divider. Whenever the applied 
voltage is positive, the diode presents a very low resistance path to the 
current and most of the voltage is developed across the resistor. When 
the applied voltage goes negative, however, the diode presents a very high 
resistance compared to the resistor itself. Therefore, most of the negative¬ 
going signal develops across the diode. If we take the signal output across 
the resistor as shown in the figure above, left, we get only that portion 
of the applied pulse which goes above zero volts. If we take the signal 
output across the diode, as illustrated in the figure above, right, we get 
only that portion of the applied pulse which goes below zero volts. 
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THE GERMANIUM DIODE AS A RECTIFIER 


Output With The Diode Reversed 

If we reverse the diode so that the plate rather than the cathode is toward 
the ground, we get a condition opposite to that just described. In this case, 
any part of the applied signal above ground makes the cathode of the diode 
positive with respect to the plate, and therefore the signal sees the back 
resistance of the diode. Any portions of the signal above ground, therefore, 
develop across the diode rather than across the resistor. Any portion of 
the applied signal that falls below ground sees the forward resistance of 
the diode and develops across the resistor. 


IF THE DIODE IS REVERSED 


—20 volts 




Where we take our output across the diode, as shown in the first half of 
Fig. B, we develop only that part of the applied signal which goes above 
ground. If we take our output across the resistor, as illustrated in the right 
half of Fig. B, we develop only that part of the signal which goes below 
ground. 


Digitized by CjOOQIC 


(2-32) 


Original from 

UNIVERSITY OF MICHIGAN 










GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 
Clomps Of Limiters 


FOUR TYPES OF LIMITERS OR CLAMPS 



' r Q » Q, »v 

SERIES LIMITER SHUNT UMITSR 


The illustration above pictures the four basic types of dio^e clamps or 
limiters. Examples 1 and 2 of this figure are known as series limiters because 
the diode is in series with the output. Examples 3 and 4 illustrate shunt 
limiting -—the diodes are in parallel with, and out, the output. 


UPPER CLAMP 



We can think of an upper limiter (or clamp as it is often called in com¬ 
puters) as a kind of watchman that prevents any part of the signal from 
rising above the clamp voltage. An upper clamp consists of a diode whose 
cathode is returned to a power-supply voltage. In former examples, the 
Clamp-return voltage was at ground, but other voltage levels can be used 
equally well: In the present case, the clamp voltage is at -f 100 volts. If 
the signal on the plate attempts to rise above -f-100 volts, the diode conducts 
and acts like a short circuit to the clamp voltage, Any current that normally 
develops a signal above clamp level is shorted back to power supply. 


lowre amt 



A lower damp guarantees that no part of the signal will fall below the 
clamp voltage. It is a diode whose plate is tied to a power-supply voltage, 
in this example d~80 vdits. It shorts but any part of the signal which 
attempts to go below that level, 
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GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 
Use ol Clamping Diodes In An Amplifier 

The diagram below shows how both upper and lower clamps might be used 
together to limit the signal on the plate of an amplifier tube. When this 
tube is cut off (draws no current), the plate voltage does not rise to the 
-f 150-volt level because the upper clamp will not permit it to go above 
-j" 100 volts. The upper clamp presents a low forward resistance to electron 
flow in the forward direction, and the amount of signal that is dropped 
across it is negligible. 



WHEN THE TUBE IS CUT OFF. 



The lower clamp, which has its plate at a lower voltage level (80 volts) 
than its cathode (100 volts), presents a very high back resistance. Therefore, 
it has no effect on the circuitwhile the amplifier is cut off: 








WK&rv thy fy.be conducts, 
sufficient eiment is drown 
through the-. plate resistor 
to drop the plate voltage 
to the lower Clamp Level. 


and. any additional 
current is shunted by 
The LOWER CLAMP 


GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Use oi Clamping Diodes In Art Amplifier (eoaidL.) 

When the tube conducts, (draws current), the upper-clamp current is 
replaced by current drawn by the tube through the plate resistor, This 
brings the plate voltage down below 1(K5 Volts and the upper-clamp diode 
switches, presenting its very high back resistance because now its plate is 
at a lower-voltage level than its cathode (which remains at 106 volts). 


mam of the lower am 
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flow 
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The upper-clamp diode has no effect on the circuit while the amplifier 
tube is conducting. The plate voltage does not drop below 80 volts because 
the lower clamp will not permit it. As the voltage drops below 80 volts, 
the cathode of the lower-clamp diode is at a lower-voltage level than its 
plate, which is fixed at 80 volts. The lower-clamp diode switches, presenting 
its low forward resistance, and becomes a short circuit to the 80-volt supply. 
Additional current provided by the tube cannot flow through the plate 
resistor to drop the voltage at the plate below -f 80 volts. Instead it flows 
through the lower clamp which provides an easier return path. 













GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Clcmapjbg Capacltively Coupled Circuits 






THE TIME CONSTANT CHANGES 


VERY SHORT 
TIME CONSTANT 


The preceding explanation of damping applies only when the input Signal 
is coupled directly to the clamp circuit. The operation is quite different 
when the current flowing into the clamping diode also flows through a 
capacitor. In such cases the time constant of the circuit must be taken into 
consideration. The forward or back resistance of the diode is usually part 
of that time constant. We pointed out how the impedance of the circuit 
changes drastically when the diode switches. It follows that the time 
constant of the circuit will also change drastically. The time constant is 
very short when the capacitor is charging or discharging through the low 
forward resistance, and much longer when ft is charging through the high 
back resistance of the diode. 
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GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Signed Developed Over Capacitively Coupled Clamp 

Suppose that we want to couple into this circuit the 20-volt signal from 
the clamped amplifier that we have just considered. For the initial condition 
suppose that the input is at +80 volts and the output is at ground or zero 
volts. There is an 80-volt charge across the capacitor. Then the input signal 
suddenly switches to +100 volts. The capacitor is unable to change its 
charge instantly, so at the first Instant the 20-volt change appears in the 
output, which rises from ground to +20 volts. The diode presents a high 
resistance because its cathode is positive with respect to its plate. To 
charge the capacitor, electrons must flow through the high back resistance 
of the diode, hence the charging rate is slow. 


m ememmy couniv clamping circuits 


Let us suppose that at the end of the input signal the output has fallen to 
+18 volts. At this time the input suddenly drops 20 volts. This pulls the 
output signal below ground to —2 volts. Then the capacitor discharges its 
extra 2-volt charge. But now the cathode of the diode is negative with 
respect to its plate and the capacitor can discharge through the low forward 
resistance of the diode. The discharge is practically instantaneous, so that 
the signal is effectively limited at ground. The output returns to the 
ground-reference level after each pulse. The next positive excursion 
develops a full 20-volt signal on the output. 





























GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Dc Restoration 


a ami- coupled clamp 


A CAPACIJOR-COUPUO CLAMP ALLOW 


The effect of a lower clamp is quite different on a capacitively coupled 
signal than it is on a direct-coupled signal* A direct-coupled clamp actually 
clips off part of the signal* A capacitor cotipled clamp, (given favorable 
RC constants), does not alter the signal in this way. It allows the full signal 
to develop, but it sets the dc level of the most negative part of the signal 
at the clamp voltage. For this reason it is often called a dc restorer. If the 
diode in the illustration were reversed, the full signal would still develop 
on the output, but the clamp would set the most positive point of the output 
signal at ground, giving us a signal varying between ground and —20 volts. 
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GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Diode Damping 

Ringing is often a problem when inductive elements are used in computers. 
It is difficult to get a single pulse through an inductive element. The 
inductance of a coil will usually form a resonant circuit in conjunction 
with the distributed capacitance of the coil or other capacitance in the 
circuit. The result is a ringing or oscillation which produces a series of 
false pulses. The unwanted ringing can be eliminated by damping orloading 
down the tank circuit, that is, by using a damping resistor across the coil. 


When inductive elements are PULSED 
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The DAMPING DIODE 
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GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Diode Damping (ccmtcL) 

The diode is connected so that the desired pulse can develop across its 
back resistance. In the example, a positive-going output pulse is desired 
on the secondary winding of a transformer. The diode is connected with 
its cathode at the top of the winding and its plate at the bottom. When a 
positive-going signal develops across the coil, it sees the high back re¬ 
sistance of the diode. This high resistance does not appreciably load down 
the coil, and the positive signal develops on the output. 



When the driving current is suddenly removed, the magnetic field around 
the coil collapses and the circuit rings. When this occurs the top of the 
winding becomes negative with respect to the bottom. The diode switches, 
and becomes a very low resistance. In this condition the coil is shunted by 
the relatively low damping resistor, which damps out the ringing. 
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GERMANIUM DIODES IN CLAMPING AND DAMPING CIRCUITS 


Diode Damping (contd.) 





OVERDAM PING IS SOMETIMES 
USED TO AVOID FALSE PULSES 


The undershoot on the output waveshape is shown here as it would typically 
appear when the value of the damping resistor is chosen to provide critical 
damping. If a higher value of resistor is used, (underdamped conditions), 
one or more positive overshoots would develop. If a lower value is used, 
(overdamped condition), the recovery of the negative undershoot would 
be slower. Sometimes computer circuits are overdamped to avoid the 
possibility of a positive overshoot, which might appear to following circuits 
like a second pulse. There is, however, a negative undershoot which appears 
on the output unless clipping is provided. 
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from circuit B 


Circuit A is 


when the voltage at A is lower than at B 


Circuit A is 


to circuit B 


when the voltage at A is higher than a! B 
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As long as the voltage .at A is lower than the voltage at B, the two circuits 
are separated of disconnected by the high back resistance of the diode, 
and are essentially independent. Each circuit may operate independently. 
If the voltage at A should rise above the voltage at B, toe diode switches 
and the two circuits are connected by a very loty resistance. As point A 
rises above point B, it must either carry point B with it, or be squelched 
by point BY depending upon which has the lower impedance voltage source. 
Similarly, if the voltage at point B drops below that at A, it must either 
carry point A down with it or be stopped by A. 
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m FLIP-FLOP FROM THE AND CIRCUIT 


THE DIODE IN AND - AND Ofl-CIRCUITS 


Disconnect Diodes (contd.) 

Clamp diodes may be considered as a special case of disconnect diodes, 
where one of the two circuits is a power supply. The power supply always 
has the lower internal impedance. Therefore it limits the voltage on the 
clamped circuit. 


Disconnect diodes may also be used between driving and driven circuits, 
or between, triggering and triggered circuits. For example, a disconnect 
diode might be used between a flip-flop circuit and the setting AND-e le- 
ments that are coupled directly to it. The arrangement could be such that 
the diode would normally disconnect the setting .4ATD-elements from the 
flip-flop, so as not to load it down. However, a setting pulse produced 
by one of the A jVD«-e laments would switch the diode and connect the 
AMD-elements and the flip-flop together, iso that the pulse would be 
effective in initiating the change of state in the flip-flop. 
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THE DIODE IN AND- AND OR-CIRCUITS 


The AND-Circuit 

The behavior of the diodes becomes more interesting when a number of 
them are used together. In all three figures three diodes are used with their 
plates tied together and returned through a common resistor to -f 100 volts-. 
The voltages on the cathodes of the diodes are considerably more negative 
than 4-100 volts,, so the diodes tend to conduct. 


low 

> output 


low 

output 


high 

output 


In part A all three cathodes are returned to 45 volts, and all three diodes 
conduct. Their impedance is very low, so there is no appreciable voltage 
drop across them. Almost all of the voltage drop across the resistor, and 
the voltage at the output point of the diodes is 45 volts. The same condition 
is true in part B, but in this case the cathodes are returned to —15 volts. 
All three conduct and the output point is at —15 volts. 

In part C, however, the center diode is returned to —15 volts and the others 
to 45volts. To learn what happens here, ft is best to consider what effect 
conduction of one diode might have upon the others. If a diode from -1-5 
volts were to conduct, the output point in part C would be at 45 volts. This 
would still be positive with respect to —15 volts and would not prevent the 
other diodes from conducting. If the diode connected to —15 volts conducts, 
however, it drops the output point to — 15 volts. This voltage on the plates 
of the other two diodes cuts them off. In this circuit, then, only the diode 
at —45 volts conducts, giving an output of —15 volts. 





this LOGIC SYMBOL equals this SCHEMATIC SYMBOL 


THE DIODE IN AND- AND OR-CIRCUITS 


The AND-Clrcuii (contd ) 

For this type of circuit the general ruie is that the diode which provides 
the largest potential difference from the return voltage will conduct and 
cut off the other diodes. In this case the diode with the moat negative signal 
conducts and cuts off any diodes.'with more positive signals. More specific 
cally the rules of operation can be stated as follows: 




low output 


high 

output 


You will recognize that these rules conform to the rules of operation of 
the logical AlVD-element. This diode circuit is widely used to achieve the 
AJVD-function. The rules hold true regardless of the number of inputs 
that are usech 
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THE DIODE IN AND- AND OR-CIRCUITS 


The OR-Clrcuit 

The logical OR-function can also be achieved by the same type of diode 
circuit. It is done by applying the input signals to the plates o£ the diode, 
tying their cathodes together, and returning them through a resistor 
to a more negative voltage. 


All three diodes conduct so long as their input signals are at the same 
level, whether it'is high or low. When they are at different levels, those 
diodes conduct which provide the greatest potential difference from the 
return voltage. In part B, the two diodes at -f 5 volts are conducting. The 
voltage at the output point is therefore 4~5 volts. With -j-5 volts on its 
cathode, however, the diode with —15 volts on its plate represents a high 
impedance, which buffers its input signal out of the circuit. 

The rules of operation of this circuit can be recognized as the rules of 
operation of the OR-element 
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THE DIODE IN AND- AND OR-CIRCUITS 


Negative AND- and OR-Elements 


POSITIVE AND = 


NEGATIVE OR 


+100 v 


+ AND 


- OR 


The output is high 
only if all inputs are high 

Any low input 
produces a low output. 





NEGATIVE AND 


= POSITIVE OR 


- AND 


+ OR 


The output is low 
only if all inputs are low 

Any high input 
produces a high output. 
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-15 v 


low 

output 


-100 V 


So far, we have thought o£ our signals as being significant at the high 
level but not at the low level. However, there is no reason why the negative 
level could not be chosen as the significant one. In this case we will 
require logical AND- and OR-circuits which respond to negative or low- 
level signals. A negative AND -circuit would be one which produces a 
negative output only if all inputs are negative. This is only another way 
of looking at a positive OR-circuit. A negative OR-circuit is one which 
produces a negative output whenever any input is negative. This is only 
another way of looking at a positive AND circuit. A positive AND is 
equivalent to the negative OR. A positive OR equals the negative AND. 


(2-47) 


Digitized by CjOOQIC 


Original from 

UNIVERSITY OF MICHIGAN 






REVIEW 






SERIES LIMITER 


The series limiter is so called because its diode is in series with the out¬ 
put.. In shunt limiting the diodes are in parallel with, and shunt out, 
the output. An upper limiter (or clamp as it is often called, in computers) 
prevents any part of the signal from rising above the clamp voltage. 
The cathode of an upper clamp diode is usually returned to ground 
although other levels can be used equally well. A lower clamp guarantees 
that no part of the signal will fall below the clamp voltage, 

FOUR TYPES OF UMfTERS OR ClAMPS 


AA/V 


UPlSftr 

m-.. 

SHObit LIMITER 


A eapacitively coupled clamped amplifier 
produces a very different effect on its in¬ 
put signal than does a directly coupled 
clamped amplifier, The latter merely clips 
off the extremities of the input signal at 
the established clamp levels. In the capaci¬ 
tively coupled clamped amplifier, the re¬ 
sistance of the clamping diode becomes a 
very important part of the circuit time 
constant. The time constant is very short 
when the coupling capacitor charges or 
discharges through the low forward re¬ 
sistance of the clamp diode. A long time 
constant is produced when the coupling 
capacitor charges or discharges through 
the high back resistance of the clamp diode. 




WHEN THE M TWITCHES 




no mix 
m mm 


When a clamped amplifier tube (containing 
both tipper and lower clamps) is in the 
normally conducting state, the upper clamp 
presents a very high resistance to the plate 
current and this clamp diode is effectively 
biased out of the circuit. If the conduction 
current through the amplifier becomes 
heavy enough to drop the plate voltage 
below the level of the lower clamp (-4- 80 
volts in this case), then the lower clamp 
diode switches from a high-resistance state 
and presents a short circuit to the SO-volt 
supply. 
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VACUUM TUBES IN COMPUTER LOGIC 


A Weakness of Vacuum Tube# 

One of the chief weaknesses of the vacuum tube is that its ability to conduct 
plate current weakens greatly as the tube ages- This is due largely to 
deterioration of the emissive coating the cathode! Circuits must be 
designed to tolerate this decrease in plate current during the life of the 
tube. A typical design requirement demands that a tube circuit work 
satisfactorily not only when a nominal tube is used, but also when the 
plate current is much greater than nominal (as in the case with many 
fresh tubes), and when the plate current has dropped to half of the nominal 
value because of aging. 


With this type of component it would be unreasonable to represent the 
10 decimal digits by 10 voltage levels on the grid and expect them to produce 
10 corresponding levels oil the plate. For example, if an input of 5 on the 
grid of a fresh tube produced an output at the 5-level, as the tube gradually 
aged, the reduced plate current would not be able to drop the plate voltage 
as low. Eventually it would deteriorate to the point where a 5 on the grid 
would produce a 4-level on the plate, and then a 3, and so forth, as the 
tube grew older. A tube is likely to cause considerable error if we depend 
upon the voltage level on the plate. 
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VACUUM TUBES IN COMPUTER LOGIC 


A Proportional Device 

There is a considerable difference between the use of a tube in a computer 
and its use in, for instance, an audio amplifier. In an audio amplifier a 
tube reproduces a signal representing fine variations in sound. As the 
tube ages the same variations appear on the plate of the tube, but at some¬ 
what decreased amplitude. This might decrease the volume but it does 
not necessarily introduce any appreciable error into the audio signal. 


n signol represent 


in COMPUTER AMPUFIERSl 


rep rase nts 


In computers, vacuum tubes are not used in so subtle a manner. They are 
used in a way which increases their reliability, It is necessary in computer 
circuits to use the voltage level on the. plate to represent quantity. However, 
instead of attempting to represent ten quantities, we only attempt to 
represent two. In most computer circuits vacuum tubes are used as two- 
level or binary elements. This is done in spite of the fact that the tube 
is not binary by nature. It is a proportional device in which the signal on 
the plate is proportional to the signal on the grid, and capable of infinite 
variations. ■ - v - 

We are touching here on a basic difference between the digital and the 
analog approaches to computing. Designers of analog computers do not use 
their components in a binary fashion. They use the tubes as proportional 
devices and find other methods of overcoming the weakness of drift. How 
they do this is outside the scope of this work. 







BINARY STATES OF A VACUUM TUBE 


VACUUM TUBES IN COMPUTER LOGIC 


Binary Use of Tubes 

Tubes are used as binary devices because it is the safest way to use them 
to represent quantity. It is possible to recognize two levels on the plate of 
the tube with very little chance of error, in spite of the wide variation that: 
takes place over the life of the tube. If one attempts to recognize more than 
two states, the chance for error increases greatly. In computers, error is 
intolerable. Therefore, designers of digital computers were forced to use 
these proportional devices in a binary way. 


It is a general rule that any element that varies between two extremes 
can be made a binary device by using only the two extreme conditions. 

The vacuum tube is made binary by using only the two extremes of con¬ 
duction; cutoff and saturation. This means that at any given time the tube 
is either cut off by the signal on the grid, the plate current falls to zero 
and the plate voltage is at high level, or it is overdriven by the signal on. 
the grid, the plate current is at maximum and the plate voltage is at low 
level. This is typical of pulse circuits. We are not interested in the fine 
variation of a voltage level between two extremes. We are interested only 
in being at one extreme or the other, and in going from one to the other 
in a minimum amount of time. 





























































VACUUM TUBES IN COMPUTER LOGIC 


Clamping 

Even when a tube is used binarily, the voltage level on the plate is not 
predictable at the time that the tube is overdriven. When the tube is cut; 
off, the voltage level is at B-j-, but when it is overdriven, the voltage level 
depends on the condition of the tube. A fresh hot tube will drive it down 
to a lower voltage than will an old tube. To assure reliable operation in 
the overdriven condition as the tube ages*, the voltage swing at the plate 
is often limited by a lower clamp. The clamp clips off the unreliable part 
of the signal. 

The lower clamp effectively removes the variable part of the signal while the 
tube has enough life in it to drive the Voltage down to the clamp level, 
or beyond. The lower clamp therefore assures that the output signal of 
the tube is fairly consistent regardless of variations caused by age. 


6 + — 


fr-sjsh tube 


lower 


Failure is still possible, however, if the tube becomes so weak that the 
output voltage can no longer reach the lower clamp level. When this 
happens, a 1-signal on the grid cannot drive the plate voltage sufficiently 
far down to distinguish the 1- from a Q^signaL The tube is usually in very 
poor condition before this occurs. 
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AND-CIRCUIT j 


NEXT STAGE 


VACUUM TUBES IN COMPUTER LOGIC 


Gating Level* 

In the case shown, which is direct-coupled throughout, the clamp levels 
not only establish a 20-volt swing, but they also provide that swing at the 
dc levels required by the next amplifier. The -f-S-volt upper level will be 
more than enough to overdrive the following stage and the lower level of 
— 15 volts will be ample to cut off the stage. 

THE CLAMPS ASSURE AN T O PASS THROUGH TH E 

j on >- ADEQUATE VOLT AGE ■■ 


AND DRIVE THE 


HIGH 


\ >o control 
ANOl^st sfa&tf 


The elorrip voltages 
establish acting levels. 


The AlVD-circuits do not change the voltage range, they simply determine 
whether the signal that reaches the grid of the next stage will be at the 
upper or the lower voltage level. This is true even if the signal passes 
through a number of AND- and OjR-circuits before it reaches the grid of 
the next tube. 

A/VD-elements are meant to operate with only two levels of input signals. 
These levels are determined here by the clamped levels on driving stages. 
All amplifiers driving a single ANiD-circuit must therefore use the. same 
damp levels in order for the A/VU-circuit to operate properly. In a large 
system using hundreds of AND-circuits and amplifiers, there is a great 
advantage to be gained by standardising these levels. Typically, the majority 
of amplifiers in a machine will use the same voltage at the cathodes, screens 
and plates, and the; same upper and lower clamp levels. Therefore the 
majority of AND? and OR-circuits throughout the system that are driven 
by these amplifiers will operate at this same standard gating level established 
by the. upper and lower clamps. 




CAPACITANCE EFFECTS IN COMPUTER LOGIC 


The Problem of Speed 

Very little voltage gain is required by a typical computer-amplifier. 
Generally the voltage gain is little more than one-only enough to make up 
the loss through the forward resistance of a few diodes and perhaps to 
provide some clipping. The job of a computer-amplifier is to hold a gating¬ 
load at one of two voltage levels, and to switch from either of these voltage 
levels to the other in a very short period of time. 

RISE- AND FALL-TIME 




the signal must develop over the total capacitance 
seen at the plate of the tube 

The time that it takes the signal to go from one voltage level to the other 
is called the rise-time or fall-time of the circuit. In some types of com¬ 
puters this rise- and fall-time must be kept very short, even a few 
hundredths of a microsecond. In other types the requirements are not 
quite so severe, but the rise-time is always an important consideration in 
the design of a pulse amplifier. 

It is difficult to change the signal from one level to another in such a short 
period of time because it must develop over a small amount of capacitance. 
This capacitance tends to integrate the signal. 

The capacitor shown in the drawing represents the sum of all the capaci¬ 
tance that can be seen from the plate of the amplifier. A considerable 
amount of this is interelectrode capacitance of the tube. The amplifier 
must develop a signal over its own plate capacitance and the input capaci¬ 
tance that it sees on the grid of the next stage. The wiring connecting 
the amplifier to the next stage adds capacitance to ground. Any components 
such as the plate resistor and clamping diodes add a small amount of 
capacitance as do any connectors through which the line must pass. 
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CAPACITANCE EFFECTS IN COMPUTER LOGIC 


The Problem of Speed (contd.) 

The amplifier must develop its output directly across the equivalent 
capacitance from all these sources. However, a capacitance will not permit 
an instantaneous change of voltage. It tends to maintain the existing voltage 
level until it charges or discharges. 


When the tube 


CONDUCTS. 


When the tube 



the signal voltage cannot fall faster than the 

capacitance discharges. 




1 


CUTS OFF... 




I CHARGE 
I PATH 


I 


Even if we have a perfect square wave on the grid of the amplifier, its 
output is not perfectly square, but somewhat rounded. The exponential 
rounding is caused by the charge and discharge of the equivalent plate 
capacitance. It follows that the rise-time and fall-time of the pulse is 
dependent upon the RC time constant of the plate circuit. This is a 
perennial problem in pulse circuits and it might pay us to take a closer 
look. The figure shows the main charge and discharge paths for the equiv¬ 
alent capacitance at the plate of the tube. When the tube is conducting, the 
flow of electrons to discharge the capacity is provided by the tube itself. 
When the tube cuts off, the plate capacitor must charge through the 
plate resistor. 

Here are three ways to improve the rise- and fall-time of pulse circuits: 

1. Minimize the capacitance seen on the plate. 

2. Decrease the resistance through which this capacitance charges and 
discharges by using a more potent tube, and a lower value of plate 
resistor. 


3. Limit the voltage swing. 
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CAPACITANCE EFFECTS IN COMPUTER LOGIC 
Minimizing the Capacitance And Resistance 

When the rise-time is especially critical, everything in the circuit is 
designed to keep down the capacitance seen at the plate of the tube. Inter¬ 
connecting wiring is especially important. Leads that are long or that run 
close to chassis add a great deal of capacitance to the circuit. This can be 
reduced by placing the driven stage as close as possible to the driver in 
order to shorten the length of the leads. In equipment as large as computers 
this is oof always possible. It is often necessary to drive a high-speed 
signal over several feet of wire. In these cases it Is sometimes necessary 
to use point-to-point or direct wiring. Often stand-off poles hold wires 
at a distance from ground and from other leads. Sometimes the leads are 
run on the most direct diagonal path to their destination, rather than 
following horizontal and vertical wiring channels. 





Another way of shortening the time-constant is to decrease the resistance 
through which the capacitance discharges and charges. It discharges 
through the tube itself, which is one reason why power pentodes are often 
chosen to provide a good source of current for fast, discharging. 

When the tube is cut off, current to charge the capacitor again flows through 
the plate resistor. This resistor must he kept very low to provide a fast 
rise on the output when the tube cuts off, A very low plate resistor makes 
the amplifier inefficient, but it is necessary to get a fast rise-time. 
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CAPACITANCE EFFECTS IN COMPUTER LOGIC 


Rise-mine in Clamped Circuits 


The use of clamps often helps to achieve a sharp rise- and fall-time. The 
figure shows an amplifier with upper and lower clamps. 



When clamps are used, the plate voltage never rises above the upper clamp 
level and never falls below the lower clamp level. The capacitance only 
needs to vary its charge within these limits. The wave shapes show what 
happens in this case. When the tube is conducting, current flows through 
the bottom clamp, holding the plate voltage at 80 volts. When the tube 
cuts off, the bottom clamp current first falls to zero, and then the voltage 
on the plate starts to rise exponentially towards B-f-. As it passes 100 volts 
the upper clamp diode switches and holds the voltage at 100 volts. On the 
output we see only the start (fastest part) of the exponential rise. 



When the signal on the grid of the tube suddenly rises, the first current 
delivered by the tube replaces the current which has been flowing through 
the upper clamp. Current from the tube does not have to discharge the plate 
capacitance until it attempts to drop the plate below 100 volts. Then the 
plate falls on an exponential curve. The sharpness of the fall-time depends 
to some extent upon the condition of the tube. A fresh tube might tend to 
drop the plate voltage to some very low level. In this case the slope from 
100 to 70 volts would be quite sharp. A weak tube might barely be able 
to drop the plate to 70 volts. In this case most of the exponential curve 
would fall within the clamp voltages. 
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CAPACITANCE EFFECTS IN COMPUTER LOGIC 


Efficiency 

The amplifier we have just described may seem to be a very wasteful 
circiiit. If a beam-power pentode, hard; driven and capable of producing a 
large voltage swing, is used, only a small part of that swing falling between 
the clamp voltages is used as the output. Much of the power in the stage 
is dissipated in the upper and lower clamps. The stage only has to provide 
the power to drive a few gates, 3fld through them to change the voltage 
on the grid of the following tube, Amplifiers in puise circuits usually 
squander large amounts of power to gain speed. Most of the waste is 
necessary in order to guarantee a sharp rise- and 'fall-time. These times are 
dependent on the capacitance in the circuit, and oh the amount of current 
which can be provided to charge and discharge that capacitance 
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a relatively small 
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Fast-switching gating circuits present a low-impedance load to the ampli¬ 
fiers that drive them. The plate-loaded amplifier is not. a very efficient 
device for driving the low-impedance load. This amplifier Would prefer 
to see 


d- high impedance and therefore impedance-matching devices are 
often used. Two important impedance-matching devices are the cathode- 
follower stage and the pulse transformer. 
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COUPLING COMPUTER SIGNALS 


Pulse Transformers 

The pulse transformer is ideal for matching the high-impedance source 
to a Low-impedance load. Use of a step-down transformer allows the tube 
to develop its full available voltage swing across the primary ; it delivers 
a smaller voltage, hut higher current signal on the output. This is desirable 
in computer circuits such as those described, where only a 20-volt swing 
is needed but where the signal must come from a good source of current 
to provide fast rise-time. 


TRANSFORMERS ARE IMPEDANCE-MATCHING DEVICES 
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PULSE TRANSFORMERS COMPROMISE BETWEEN! 


Low Frequency Response 


High Frequency Response 
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Not all types of signals can he passed through pulse transformers. It is 
possible to design pulse transformers that have good high-frequency 
response and will pass very sharp pulses. It is possible to design pulse 
transformers that have good low-frequency response and will pass relatively 
long pulses without serious decay. However, it is difficult to obtain good 
high-frequency response and good low-frequency response both in the 
same transformer. Pulse transformers are generally designed to compromise 
these two requirements in a way that is best for a particular computing 
system. 











COUPLING COMPUTER SIGNALS 


Basic Coupling Circuits 

Two factors; which are of considerable importance in a computer are the 
types of signals that occur and the types of coupling that are used id 
transfer those signals from one circuit to the next. These factors affect 
not only the type of circuits used, but also the overall organization of the 
machine. We consider first the basic types of coupling. 


Crossover 


Transfornisr 


We see, in elementary form, four methods of coupling that we will con¬ 
sider. The ac types of coupling provide dc isolation across the capacitor or 
transformer. In one way this is an advantage, for the coupled signal can 
always be returned to a standard dc level as required by the next stage. 
In another way it is a disadvantage when coupling pulse-type signals, for 
when a signal is coupled through, it cannot be held long at a steady-state 
level. The dc typesofcoupling circuits can hold a signal at either level 
for an indefinite length of time. 

Typically, different types of coupling are used within the same computing 
system, although a computer may favor one type or another. Choosing a 
standard amplifier design is very important in establishing the type of 
coupling used. Because of a tendency toward one or the other type of 
coupling, some systems have been loosely classified as sc or dc computers. 




COUPLING COMPUTER SIGNALS 


Baric Computer Signals 

Four basic types of signals that are frequently found in computer systems 
are illustrated in the figure below. Each type of signal presents a different 
coupling problem. 

The main difference between the four types is the length of time that the 
signal remains at each of the two signal levels. It is characteristic of the 
first type—static signals—that they remain at either level for an indefinite 
period of time, perhaps for a microsecond, perhaps for an hour. Typically, 
however, static signals remain at a given level for a length of time that 
can be considered long in terms of the computer time scale. 


FOUR BASIC TYPES OF COMPUTER SIGNALS 


Static Signals: 


TYPE 1 


remain at either level for an indefinite time 
Continous Periodic Pulse Trains: 


TYPE 2 


constant pulse duration-constant pulse repetition rate 


Coded Pulse Trains: 


Jr [ 


TYPE 3 


constant pulse duration-varying pulse repetition rate 
Coded Pulse Trains: 


TYPE 4 


n_r 



varying pulse duration - varying pulse repetition rate 


In referring to the other signals, the lower level is considered as the base 
or reference voltage from which there are positive excursions to form 
pulses. The length of time that the voltage remains positive can then be 
called the pulse duration. The frequency of occurrence of the pulses can 
be called the pulse repetition rate. 

It is characteristic of pulse trains that represent data (types 3 and 4) that 
the pulse repetition rate is not constant. It varies according to the coded 
data that the pulse trains represent. The pulse duration may be constant 
(type 3) or variable (type 4), depending on the method of data repre¬ 
sentation used. 
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COUPLING COMPUTER SIGNALS 


Static Signals 


Control signals are often of the static type; they must remain at a high 
or low level for an indefinite length of time. For instance, when the signal 
commanding the machine to multiply occurs, it must remain at the high 
level until the multiplication operation is complete. This signal must be 
handled by decoupled circuits; only these can hold the signal at the 
desired level for an indefinite length of time. It can not be passed through 
transformer, or R Uncoupled cir&yits vdiich would allow the signal 
gradually to decay. 
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COUPLING COMPUTER SIGNALS 


Continuous Periodic Pulse Trains 

Timing pulses are generally continuous periodic trains* A computer gen¬ 
erates these pulse trains for use as timing pulses which establish the 
machine’s operating time scale. They are unending trains o£ pulses in 
which every pulse has the same duration and shape* and the interval 
between pulses is always the same. We shall learn more about this type of 
pulse later in this course. 




Pulse trains like this can easily be coupled by means of capacitors or trans¬ 
formers. The time requirements of the pulses never change. A transformer 
that could adequately couple a single pulse and adequately recover between 







Coded Pulse Trains 


are used to represent DATA B 


If Coded Pulse Trains are AC Coupled 


the VARYING FACTORS af Pulse Duration 


and Pulse Repetition Rate must be considered 


COUPLING COMPUTER SIGNALS 


Coded Pulse Trains . ' 

Some signals are used to represent data in coded form. In one type of 
signal the pulses are all of uniform duration but the time between pulses 


varies. In another type the signal remains at either the high or low level 
for varying amounts of time. Both of these types of signals may be coupled 
capacitively, or sometimes even by transformer if the coupling circuits are 
designed to meet the most severe conditions imposed by the varying signals. 
In severe cases the latter type might require dc coupling. 











COUPLING COMPUTER SIGNALS 


The Dc Level of Pulse Trains 

The varying pulse repetition rate sometimes seems strange to persons who 
have not dealt with data-handlmg circuits before,. It requires special 
handling. Most of the electronic science was built up around the use of 
sine waves. When a sine wave is coupled through a capacitor and developed 
across a resistor, the output waveshape distributes itself evenly on either 
side of the dc return voltage. 


Distributes Itself Evenly On Either Side Of The 


A Regular Periodic Pulse Train 


Seeks A Dc Level At Which 


The Area Above 


Dc Return 
Voltage 


Equals 


The Area Below (O' 


This is not always true with nonsinusoidal waveshapes. A .safer rule to 
follow is this: the area of the waveshape above the dc return voltage is equal 
to the area below . This is Illustrated in the figure which shows a continuous 
periodic pulse train coupled in the same way. See how the square wave seeks 
its stable dc level when it is first applied to the coupling circuit. 


Dc Return Voltage 


if? A Conventional ||| 

If 

if 

pH 

ini 


&0Tho Output 

^^Tlihe 'V^ ove 1 

|1 

iji| 

i|i| 

i| 

llstt 

B^-^Wdvfifowf 


Google 







COUPLING COMPUTER SIGNALS 


Th© Dc Level of Pulse Trains (conteU 

The first pulse raises the output (a) to rf-30 volts. Then the output signal 
begins to decay exponentially to ground. Suppose, that output signal drops 
5 volts (point b) as the capacitor charges daring the pulse time. Then 
when the input signal drops 30 Volts, the output falls below the return 
voltage (c) to —5v. It immediately starts to discharge toward ground. 
However, since the voltage differential is only 5 volts, the output voltage 
Changes more slowly than when the capacitor was charging. 




wg m 


The next pulse starts rising from a voltage (d) somewhat below the return 
voltage. Therefore it does not rise as high as the first; Eventually the signal 
reaches a stable dc, level, as shown. If a continuous periodic pulse train is 
capacitively coupled, therefore, the dc level of the output can be accurately 
calculated. 


ESTABLISHES 























COUPLING COMPUTER SIGNALS 


Drifting Dc Level 

When the pulse repetition rate varies* the dc level will vary with it. We can 
illustrate this by showing what happens if we couple a coded pulse train 
signal through a coupling capacitor. 

Such a signal could not safely be applied to the grid of a tube, because its 
dc level is drifting up and down according to the data being represented. 


WITH CODED PULSE 


and as pulse duration varies 


This makes it difficult to ensure that the tube is always completely cut off 
at one signal level and overdriven at the other. 





























COUPLING COMPUTER SIGNALS 


Restoring the Dc Level 

Cutting a tube off completely at one signal level and overdriving it at 
another can be partially ensured by the use of a dc restoring diode across 
the resistor. The drawing below shows how such a diode might be used 
on the input of a normally cutoff tube. Recall that when a signal is 
capacitively coupled into a diode clamping circuit, the diode restores the 
de level of the signal to the clamp voltage after each pulse.. 


The dc restoring diode serves as a lower clamp and prevents the signal on 
the grid from ever falling below the dc return voltage. Each new pulse, 
then, starts from the same voltage, regardless of the pulse repetition rate. 

For normally conducting stages, the diode formed by the cathode and grid 
of the tube automatically dc restores the upper limit of the incoming 
signal at the cathode potential. 
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COUPLING COMPUTER SIGNALS 
Coupling Static Signals 

Static signals are dc coupled, usually by the. cascade or the crossover 
method illustrated earlier. In the cascade method, the voltage, developed on 
the plate of one tube is applied directly to the grid of the next, usually 
after passing through gating circuits. 

The chief disadvantage of this type of coupling is that the dc level of the 
signal becomes more positive each time it passes through another amplifier. 



If there are a number of amplifiers in series, each stage requires different 
voltage levels for cathode, grid bias, screen, B-f, and clamps. Obviously 
this type of coupling makes many demands upon the power supply. If gates 
are used between stages of amplification, each set of gates must operate at 
a different gating level. This is objectionable except in isolated areas of 
the machine. 

The crossover method permits the coupling of static signals thfongh more 
than one stage without changing the standard voltage levels. This is 
possible because the signal developed on the plate of each tube is dropped 
back down to grid level across a voltage divider. 

It will be valuable to take a closer look at this voltage divider. It consists 
of three resistors between a B-f and a B— voltage. One of the resistors is 
the plate resistor of the first stage. Conduction of this stage, therefore, 
influences the voltages across the voltage divider. 

(2'*7l) 
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COUPLING COMPUTER SIGNALS 


Crossover Coupling Networks 

The resistors are of such a value that, with the first stage cut off, the voltage 
at the grid of the second stage is high with respect to its cathode, and the 
tube conducts. When the first stage conducts, the additional current through 
its plate resistor drops the voltage at the plate. Part of the voltage drop 
appears at the grid of the second stage, which drops below cutoff potential. 




Part of the swing available at the plate is wasted across the crossover 
resistor in order to drop the dc level. The crossover resistor can be bypassed 
with a capacitor, however, so that any voltage change at the plate is immedi¬ 
ately reflected on the grid of the next stage. The crossover capacitor 
offsets the effect of the capacitance to ground at the grid. Together, they 
form a capacitance voltage divider, with the grid at the midpoint. The 
value of crossover capacitor is chosen so that the timing of change at the 
grid will be the same as at the plate. As fast as the voltage on the plate 
changes, the voltage on the grid follows. This gives sharper rise- and fall¬ 
time on the input to the second stage. 
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THE MULTIVIBRATOR 



The Flip-Flop 

The drawing shows two crossover-coupled amplifiers tied together to form 
a loop. Stage A. drives stage B ; stage B in turn drives stage A, The two 
stages form a closed loop with positive feedback from each to the other. 

This is the basic flip-flop circuit. Conduction of either stage keeps the other 
cut off. The cutoff condition of either stage keeps the other conducting. 

nasaai...... .... ........ ........ 


Such a circuit cannot remain in a neutral condition, with both tubes con¬ 
ducting equally. The circuit must snap into one or the other of two stable 
states; any tendency of either tube to increase conduction would tend to 
cut down conduction in the other. This in turn would reinforce the tendency 
of the first to conduct, and the circuit would very rapidly flip into a stable 
state with one tube fully conducting and the other completely cut off. This 
is a truly binary circuit, although its components, vacuum tubes, are not 
binary of themselves. 
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THE FUP-FLOP 


THE MULTIVIBRATOR 


The Flip-Flop (contd.) 

The symmetry of the flip-flop circuit is immediately apparent when it is 
drawn in the more conventional manner. The drawing also points out the 
essential characteristic of a flip-flop circuit, by which it can easily be 
recognized. There is always a parallel resistor and capacitor crossing over 
from the plate of each stage to the grid of the opposite stage. These are 
often called the crossover resistor and capacitor. 

The Illustration points out a balance that is essential in the flip-flop circuit. 


If there is anything in the circuits that tends to make one stage conduct 
more heavily in its turn than the other; It def eats the purpose of the flip-flop. 
If such unbalance becomes serious enough the circuit wilt not operate. 
This is so important that the’six resistors which make up the voltage-divider 
networks are almost always precisiov resistors with a tolerance of one 
percent. 

The symmetry of the basic flip-flop makes it difficult to say which is the set 
condition of the flip-flop and which is the reset condition. In many systems, 
the choice is arbitrary. 
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SET AND RESET PULSES 


THE MULTIVIBRATOR 


Flip-Flop Input Signals 

Suppose that the flip-flop is set when side A is conducting arid side B is 
cut off, The pulse to set the flip-flop could be either a positive-going pulse 
into the grid of tube A, or a negative-going pulse into the grid of tube B, 


The reset pulse could be either a positive-going pulse into the grid of tube B t 
or a negative-going pulse into the grid of tube A, Sometimes the input lines 
are tied to the plates of the tubes. In these cases, because of the capacitive 
coupling, the are effectively applied to the opposite grids. 

The setting and resetting pulses need last only long enough to start the 
flipping action. As soon as the static feedback signal is returned from the 
opposite stage, the pulse may be removed. The flipping time of flip-flops 
varies, but they may be made fast enough to respond to setting pulses only 
a few hundredths of a microsecond in duration. 
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the FLIP-FLOP 
is STABLE 
in EITHER state 


the FREE-RUNNING 

Multivibrator 

generates 

a CONTINUOUS TRAIN 
af pulses 


The accompanying drawing shows how a few changes in our flip-flop circuit 
make it into a one-shot multivibrator. 

Another simple step changes it into the familiar free-running multi¬ 
vibrator. This type of trigger pair uses capacitive coupling in both direc¬ 
tions. Therefore it is not stable in either state, but flips back and forth 
from one to the other to generate a square wave output. 


the ONE-SHOT 

MULTIVIBRATOR 
is STABLE; £ 

n only ONE, state 


THE MULTIVIBRATOR 


Comparison of Multivibrator Circuits 

The flip-flop is sometimes called a bi-stable trigger pair. In essence, it con¬ 
sists of two inverting amplifiers statically coupled to each other. If static 
coupling is used in only one direction, and capacitive coupling in the other, 
then the trigger pair is stable in only one state. When set into the opposite 
condition, it remains there only as long as the time constant of the RC 
coupling network allows, then flips back to the stable state. Such a mono- 
stable circuit is well-known as a one-shot multivibrator or univibrator. 

Multivibrators are thoroughly described in existing technical literature. 
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REVIEW 



Suppose that the flip-flop is set 
when the A side is conducting and 
the B side is cut off, The pulse to 
set the flip-flop could be either a 
positive-going pulse into the grid 
of tube A or a negative-going pulse 
into the grid of tube B. The reset 
pulse could be either a positive- 
going pulse into the grid of tube B 
or a negative-going pulse into the 
grid of tube A. Sometimes the in¬ 
put lines are tied to the plates of 
the tubes. In such cases, the signals 
ate effectively applied to the oppo¬ 
site grids because of the capacitive 
coupling. Setting and resetting 
The two stages of the flip-flop form a P ulses need test only long 
closed loop with positive feedback enough to start the flipping action, 
from one to the other. This is the 
basic flip-flop circuit. Conduction in 
either stage keeps the other stage cut 
off. The cutoff condition of either 
stage keeps the other conducting. The 
flip-flop cannot remain in a neutral 
condition with both tubes conducting. 

The circuit must snap into one or the 
other of the two stahle states. Any 
tendancy of one tube to conduct more 
than the other when the flip-flop is 
first turned on favors the tube with 
the greater conduction. The other 
tube is quickly cut off. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Magnetic Cores 

The magnetic core is one of the most promising components that has yet 
been developed for use in digital computers. First used as a component foi 
memories, it is now finding more and mote use in the computer logic 
elements, as well as in other data-handling, automation, and control systems. 

The use of the tote in main memories will be considered later in this course. 


rm-woom bobbin 


MOLDED FERRITE CORE 


Here we shall consider the nature of the core and some of the fundamental 
principles governing its use in circuits. There are several types of core 
circuits now being developed Because it is too early to determine which 
of these will ultimately become popular, discussions concerning them are 
limited to the principles fundamental to all core circuits. With these in 
mind it should be easier to learn the details of any particular type of core 
circuit. 

There are two types of magnetic cores in common use. One type is made 
of several turns of very thin, magnetic metal ribbon, tape-wound on a 
ceramic or plastic bobbin. The other core type is molded from powdered 
ferrite together with a binder, in the form of a tiny ring. 


TWO TYPES OF CORE 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Some Properties of the Magnetic Core 

Basically the magnetic core is a one-bit storage cell or memory. It consists 
of a small magnet which can be saturated to either positive or negative 
flux density, depending on the direction of current through a coil which 
is wound around the magnet. 

The magnetic material used in the memory core is highly retentive, there¬ 
fore it retains a large portion of the magnetic flux built up at the time that 
the core is pulsed. This is an important characteristic of the core. It remains 
in an almost-saturated condition after being switched. 


A core can be switched very rapidly 



to POSITIVE SATURATION 


or NEGATIVE SATURATION 


It remains in an almost-saturated 

condition after switching 


Cores are usually ring- or spool-shaped because the small ring of magnetic 
material forms a closed path for flux, which makes it a very efficient mag¬ 
netic circuit. The time required to switch a core from one polarity to an¬ 
other is dependent upon the core material and is directly proportional to 
its size. Switching speed is important in computers, therefore cores should 
be very small. The cores used in the main memory of computers are especi¬ 
ally small and often measure only a few hundredths of an inch in diameter. 

Cores used for logical functions are larger, and often have many turns of 
wire wound around them. Such cores are often of the bobbin type, wrapped 
with magnetic tape that is only a fraction of a mil in thickness. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Comparison with Flip-Flop 

There is a similarity between the magnetic core and the flip-flop. Both pro¬ 
vide memory for one bit data- In a core, the two extremes of saturation can 
be used to represent 0 and 1 just as the two stable states of a flip-flop are 
used. A core can be set to the 1 condition by a current pulse in one direction, 
and cleared to the 0 condition by a current pulse in the opposite direction. 


like FIIPFIOPS m 


reset 


a 


reset to 0 



set ty folw to one of m STATIC STATES 


In a similar way, a flip-flop cars be. set or reset by pulses on its grids. Both 
magnetic core and flip-flop provide a static memory of the last pulse applied 
to their inputs^ 




THE MAGNETIC CORE OPERATING PRINCIPLE 


Comparison with Flip-Flop (contd.) 

Compared with the flip-flop, the magnetic core has some advantages and 
some disadvantages. One advantage, of course, is that the core is less 
expensive. Another is that the core does not consume any power to provide 
its static memory. A pulse of power is required only to switch the core to 
one condition or another, but not to hold it in that condition. The core 
remains in the condition to which it is set because of the retentivity of the 
magnetic material from which it is made. A flip-flop, on the other hand, 
consumes power continuously to provide its memory. 



If power is lost, even momentarily, the flip-flop loses its memory of the 
condition to which it was set. Core systems do not have this problem. They 
can be shut down for long periods of time and (if the system is not sensitive 
to the transients that occur when power is switched off and on), the cores 
will remain in the condition to which they were last switched. Another 
advantage is that core characteristics do not drift significantly with age, 
as is the case with vacuum tubes. It is possible, therefore, to build more 
reliable computing systems by using cores. 

On the other hand, the magnetic core has one serious disadvantage in com¬ 
parison with the flip-flop. It does not provide any continuous indication of 
its state. The flip-flop provides two inverse outputs that are always available 
to be used as static control signals. There is no convenient way, however, to 
obtain a continuous indication of the state of a binary core because there is 
no easy way to get a static indication of the condition of the flux in the core. 

Pulses must be used both for switching cores and for sensing their con¬ 
dition, as we shall see later. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 
The Square Loop 


Typical Loop W ’ . I Square Loop 



saturation 


o$ currant incr*#*®*, : 

rising Hus? density 
it limited by cor® saturation 


in square-loop cores, 
most of the flux remains -m 
after the current fs removed 


When negative current 
reaches the switching paint, 
the core switches rapidly 
to negative saturation 


Some of the basic properties of magnetic cores can best be pointed out by 
comparing the hysteresis loop oi the cores with more typical and familiar 
hysteresis loops. The hysteresis loop is a graph of the density of the flux 
that is produced in a magnetic material, plotted against the magnetizing 
force which produces it. For any given core, with a winding of a given 
number of turns, the magnetizing force is proportional io the current that 
flows through the winding, ‘The hysteresis loops shown in the next few 
figures trace the condition of the flux when an alternating current is applied 
to the winding, saturating it first in one direction, then in the other. We 
shall follow the loop step by step in order to point out the properties of 
the square-loop core. 


CORRESPOND TO THE 

SQUARE iQOP CURVE WHEN THEY ARE BEING MAGNETIZED 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


The Square Loop (contd.) 

If we start with an unmagnetized core and increase the magnetizing cur- 
rent, the flux density of the material increases along the S-shaped curve. It 
levels off when the core material is saturated, and additional current does 
not appreciably increase the flux density because the core material is already 
supporting as much flux as it can. 

As the current is decreased, the flux does not collapse along the same line. 


Typical Loop 




Square Loop 


after negative current 
is removed, most 
of the flux remains 



the core is always 
nearly saturated 
in the positive or 
negative direction 



SOUARE-LOOP CORES SWITCH BETWEEN 
POSITIVE SATURATION AND NEGATIVE SATl/RATION 


Some of the flux remains even after the current has fallen to zero. The 
amount of flux remaining depends upon the retentivity of the magnetic 
material. Notice that in the square-loop material from which magnetic cores 
are made, almost all of the flux remains after the magnetizing current is 
removed. 

Here a magnetizing current is being applied in the opposite direction. 

Notice that a certain amount of current is required merely to overcome the 
remanent magnetism and bring the material to a neutral condition. Any 
additional current produces flux in the opposite direction until the material 
once more reaches the saturated condition. 

In the square-loop material, notice that the change from positive to negative 
saturation is very sharp. As the negative magnetizing current is applied, 
it has very little effect on the remanent flux until that current reaches 
the knee of the curve. This value of magnetizing current is sometimes called 
the switching point. A slight increase in current beyond this point brings 
the core rapidly to negative saturation. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


The Square Loop (contd.) 


When the negative magnetizing current is removed, part of the flux is 
retained as before. In the square-loop material, the remanent flux is a very 
high percentage of the maximum flux. If at this time the core were driven 
once more in the negative direction, very little change of flux would be 
possible, because the core is already effectively saturated in that direction. 



The 


WINDING 
switches 
the core to 1 
to insert 
o bit of data 




WINDING 
senses a change of flux 

at the time of reading 

WINDING core bolds a 1 

clears the core to 0 to sample its condition 


Here, positive magnetizing current is applied once more. In the square-loop 
core, the flux remains near negative saturation until the positive current 
passes the switching point, then switches rapidly to positive saturation. 

Notice that the original sweep from a magnetically neutral condition is 
never repeated. A core in typical use is never in a neutral condition, but is 
switched from saturation in one direction to saturation in the other. 



The magnetic core, then, is truly a binary component because it can exist 
in two stable states and can switch rapidly from one to the other. In this 
point there is another interesting comparison, between the core and the 
flip-flop. In the flip-flop, it is the circuit that is binary; the circuit forces 
the components to operate in a binary condition although basically they 
are proportional devices. In the case of the core, the component itself is 
almost truly binary, therefore it fits perfectly into the design of pulse 
circuits. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Heading Out of Cores 

As wf pointed out earlier, there is no easy way to get a continuous indica¬ 
tion of the static condition of the flux in a tore. However, there are two 
convenient ways to get an indication of the change of flux that occurs 
when a magnetic core switches. Both methods require a read pulse applied 
to a read winding to switch the core. The first method also requires an out¬ 
put or sense winding to develop, an output signal. 

If an output winding or sense winding is wrapped around a core, a voltage 
is induced across the winding whenever lines of flux build up or collapse 
in the core,. A voltage is induced in the sense winding when the; core 
switches, so the winding produces a pulse only at the time of switching. 
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Also, the winding produces a negative- or positive-going pulse depending 
upon the direction in which the magnetic flux moves during switching. 

To sense the condition of a core, it is always necessary to sample the core 
with a current pulse. This process is called reading. The read pulse is 
applied to a third winding called the read winding. If the read pulse 
switches the core, it causes a change of flux, which in turn produces a 
signal oath e sense winding. This method of reading is generally accom¬ 
plished in the following manner: 

1. Apply a pulse to the read winding in the direction that will cjear the 
core to 0 - 

2 . If the core is already in the 0 condition, there is no change of flux and 
no output. 

3. If the core initially contains a 1 , it switches to 0 and the resultant change 
of flux produces a pulse on the sense winding. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Beading Out of Gores (coaid.) 

The figure below, using a hysteresis loop, illustrates the difference in change 
of flux (and therefore the difference in output signal), depending upon 
whether or not the core is switched. It shows the importance of having the 
loop as square as possible, in order to obtain a good signal-to-noise ratio. 

Changing the state of a device in order to sense its state is a basic method 
for obtaining an output from devices that do not provide continuous output. 
Unfortunately, it is a destructive method of read-out. The read pulse always 
clears the core to 0 and does not leave in it any memory of its former con¬ 
dition. This is often undesirable where cores are used for data storage. 


THE SQUARENESS OF THE LOOP 

<- IF AT 1 




DETERMINES THE SIGNAL-TO-NOISE RATIO 


This is particularly important where cores are used for the main computer 
memory. In this case the output data is normally held in temporary storage 
so that it can he written directly back into the cores. 

In these cases, it is necessary to have some method of writing the data back 
into the core after it has been read out. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Impedance of Core Windings 

There is another method of sensing the condition of a magnetic core. This 
method requires only two core windings, the read and the write winding. 
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The method is based on the impedance of the windings during core switch¬ 
ing. The impedance that a core presents to the read-drive pulse varies 
greatly* depending upon whether or not the pulse switches the core. The 
rules of impedance of core windings are as follows: 

1. A core winding presents a high impedance during the time that it is 
switching the core. At this time there is a maximum change of flux which 
cuts across the winding to generate a back EMF. 

2 . The winding presents a low impedance to a : pulse that does not switch 
the core. This applies to a drive pulse that attempts to clear a core which 
is already at zero. There is very little change of flux* and the drive pulse 
sees little more than the dc resistance of the coil. 
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THE MAGNETIC CORE OPERATING PRINCIPLE 


Winding Impedance Use in Reading 

We may consider cores as high- or low-impedance devices in somewhat 
the same way we considered diodes. Like diodes, they can be used in voltage- 
divider circuits. The figure illustrates the voltage-divider principle and 
how it might be used to provide an output £rom a core. The principles 
involved are: 


1. The core is sampled with a pulse of current that will clear it to 0. This 
pulse is applied to the read winding in series with a load or output resistor. 

2. If the core is already in the 0 condition it does not switch. In this case 
the winding presents a low impedance and most of the signal develops 
across the output resistor. 

3. If the core is set to the 1 condition, it switches to 0. In this case the 
winding presents a high impedance. Most of the read pulse develops across 
the winding and there is no signal available across the output. 
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AN OUTPUT PULSE 


develops across the resistor 



the wiediej presents a 


HIGH IMPEDANCE... 


NO OUTPUT PULSE 


develops aeross the resistor 


Note that this system, as described, tends to invert the logic. It provides 
an output pulse to indicate the 0 condition and no pulse to indicate the 
1 condition. It also is a destructive form of read-out. For this type of 
reading, no sense-winding is required. 

Both systems require the use of a read pulse. Although cores are static 
elements, their static condition is unknown until they are sampled by 
means of pulses. In core circuits, therefore, almost all operations are per¬ 
formed by a sequence of pulses. 
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MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Core-to-core Transfer 

The output pulse from one core may be used to switch another core. One 
way of doing this is illustrated in the figure. In the core-to-core transfer 
method shown in the diagram, the sense winding is used rather than the core 
output resistor discussed in the previous page. Core shift resistors are 
predominantly of this type. 

Presume that core B is at zero. Core A may contain either a 1 or a 0. When 
core A is cleared to 0 by a shift pulse, it produces an output pulse if it 
previously contained a 1. This pulse is applied to an input winding on 
core B in the direction that sets core B to 1. If there is no pulse, core B 
remains at 0. Therefore, by applying a shift pulse to core A, we transfer 
a 1 or a 0, whichever it contains, to core B. 




THE SIMPLIFIED LOGICAL BLOCK DIAGRAM 



When core A is switched by a write pulse to 1, there is a change of flux 
in the opposite direction, which induces an opposite output pulse. This 
pulse tends to switch core B back to 0. However, there is a diode in the 
transfer loop, connected in a manner which discourages flow of current in 
this direction. The signal develops across the back resistance of the diode 
and has no appreciable effect upon core B. 

The lower part of the figure shows a simple single-line block diagram which 
is often used to symbolize core circuits. The circle represents a core. The 
input winding is represented by a single line coming into the circle, 
terminated in a small numeral 1. A significant pulse on this line switches 
the core to 1. The sample winding is represented by -a similar incoming 
line terminated in the numeral 0. This indicates that a significant pulse on 
this line switches the core to 0. The output winding is a line leaving the 
circle, marked with a 0. This indicates that a significant pulse is produced 
on the output line at the time that the core switches from 1 to 0. 
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MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Conditional Transfers 

If two signals of equal strength but opposing polarity are applied simul¬ 
taneously to a core, they cancel out. One signal attempts to set the core 
to T and the other attempts to set it to 0 . There is no net change of flux, 
and the core remains in the original condition An example, of this is a 
core with a split or a center-tapped winding. If a pulse is applied across 
the circuit, equal amounts of current flow in opposite directions through 
the two halves of the winding. These cancel out, and there is no net effect 
on the core. 

The split-winding core may be used as part of a core-to-core transfer loop. 
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A shift pulse is applied across the terminals of core A to transfer data 
from core A to core B. If core A is already in the 0 state its winding will 
have negligible impedance, In this case equal current flows through both 
windings on core B, which remains in the 0 state. If core A is in the 1 state, 
however, the shift pulse switches it to 0. In this case its Winding has a high 
impedance. Very little current flows through it and the associated half of 
the split winding; on core B. Full current flows through the other half of 
the split winding and switches core B to the 1 condition. 

There is one important advantage with this type of transfer loop. Data 
is transferred from A to B only if the associated shift pulse is used. No 
other pulse driving core A can transfer jhe data to core B. If any other’ 
input to core A switches that, core,, a pulse is induced on the shift winding, 
but that pulse develops across the back resistance of one or the other of 
the two diodes in the transfer loop, and does not effect core B. 








MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Core Counters 

A number of cores can easily be arranged, to form a ring counter. Here we 
have chosen a base-5 counter as an example. Its operation is similar to the 
flip-flop ring counter described earlier. It is presumed that all of the cores 
are set to 0 except one. which , is set to 1. An incoming count pulse clears 
all cores to 0. The core which is set to I produces an output pulse. The 
output pulse switches the next more significant core to 1 and in this way 
advances the count. 

One difficulty exists here. The output pulse from any core is sensed at the 


time that it is being switched to 0. This output pulse cannot be applied 
immediately to the next core, because that core is also being driven to 0. 


There would be a conflict between the count pulse, which is attempting 
to clear the core to 0, and the transferred pulse which is attempting to set 
the core to 1. This difficulty can be overcome by delaying the transferred 
pulse until after the count pulse is terminated. 
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MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Storing the Pulse in cm Extra Core 

There are two ways to provide this delay. One is to put the transferred 
pulse into an extra core for storage until the sampling pulse has passed 
by. Later a second drive pulse transfers the count from the extra core where 
it is being stored to the next core in the normal line. 


The second drive pulse must occur sometime after the count pulse, but 
before the following count pulse. This system, then, requires drive pulses 
that occur at two different times, which we have indicated by t l and t 2. 

The use of such staggered timing puises is significant because it occurs 
so frequently in core circuits. 
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MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Storing the Pulse in a Capacitor 

Frequently the delay between cores in a counter is provided by means of a 
capacitor and diode network. Current -from the driver tube is applied in 
series to the shift windings of all cores. In the series path are some resistors, 
of very small value. The small vojtage-dtqp across the resistor is sufficient 
to bias diode 2. 

Suppose that there a 1in core A. When the driver tube conducts, it clears 
both core A and core B to 0. The resultant output pulse from core A sees 
the low forward resistance of diode i and begins to charge the Capacitor. 
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It would pass through diode 2 , but that diode presents a high resistance 
because of the biasing voltage applied across It from the resistor. During 
the time of the shift pulse, all of the output signal from core A is used to 
charge, the capacitor. 

As soon as the shift pulse terminates, the capacitor begins to discharge. 

At this time diode 2 is no longer biased off; and the easiest path for electron 
flow is through the small resistor, the input winding of core B, and the 
forward resistance of diode 2. Any tendency to discharge back through the 
output winding of core A is discouraged by the back resistance of diode 1. 

The discharge pulse from the capacitor is sufficient to switch core B to 
condition 1. 





magnetic-core shift register 


MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Shift Reqiaiere 

So far we.have considered the chain of cores merely as a ring counter, 
bouncing a single hit along the chain of cores. However, the circuit we have 
described cah also hoI4 a full chain of coded binary data with one bit in 
each cofrr. In Other words, it can be used as a shift register holding binary 
data. 

Each time a shift pulse occurs, the whole train of binary data is shifted 
one core position down the line, as shown in the diagram. This diagram 
shows how the data is gradually built up in the register. Each new bit Is 
transferred into the Erst core, then the whole train of data is shifted down 
the line to make room for the next bit. 


OUTPUT 


SHIFT 


Such a unit is called a magnetic core shift register. It is a very versatile 
unit which has many uses in digital computers and other data-handling and 
control equipment. 





MAGNETIC CORE SHIFTING AND COUNTING CIRCUITS 


Versatility of the Shift Register 

Some of the qualities which make the shift register so useful are listed 
below: 

1. The rate of input is independent of the rate of output. 

Since every bit is held in static storage, the line works equally well whether 
the input pulses occur once every few microseconds or once every few 
hours. Moreover, the incoming data need not arrive at a regular frequency, 
but may come at random timing, The same facts are true for the output. 
It is possible, therefore, to fill up a shift register at a slow rate of speed 
and read it out at a faster rate, or we can fill it up at a fast rate of speed 
and read it out slowly. This is very useful for synchronizing In a computer. 
Ror instance, a shift register could be used to accept data coming from 
magnetic tape at a relatively low pulse rate. Later that data could be 
read out of the shift register at the much higher pulse rate required by the 
internal time scale of the computer. 

Z. It is possible to use either parallel or serial input, and either parallel 
or serial output, in any combination. 
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So far we have considered only aerial input and output from the shift 
register. It is possible, however, to use a parallel input with data coming 
into all cores simultaneously. Techniques are also available for taking a 
parallel output by sampling all cores simultaneously, and taking a separate 
output from each core. It is quite possible to read data into the shift 
register in parallel and transfer it out in serial fashion, or ta read it in 
serial form and transfer it out in parallel. This ability to convert between 
parallel and serial form adds greatly to the versatility of the magnetic shift 
register. 
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OTHER CORE USES 


Continuous Output From Cores 

Imagine a core-to-core transfer in which the pulse is bounced, not along 
a line of cotes, but back and forth between two cores. 
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As long as the pulse is kept bouncing back and forth, one or the other of 
the two cores always provides an output. If both outputs are mixed in an 
OR-element, they provide a continuous stream of pulses. This is as close 
to static output as cores can be. Add to such a device a set input to insert 
a pulse, plus a dear input to erase it, and you have a core version of a 
flip-flop. Its output is a string of pulses as long as it is set, and no pulses 
as long as it is reset. Because of the back-and-forth operation, it is sometimes 
called a ping-pong. Another version of the ping-pong stores the output 
pulse in a capacitor, then uses it to switch the same core back to 1 as the 
capacitor discharges. 



OTHER CORE USES 


Amplification 

The input pulse to a core does not produce an output pulse directly. It only 
determines whether or not an output pulse will occur sometime later, 
when the core is driven by a read pulse. The read pulse is a direct cause of 
the output pulse. The power in the output pulse is dependent upon the 
read pulse which caused it, and upon the input pulse. 

Often there is a diode in the output from a core which disconnects the load 
from the core when it is switched to 1 by the input pulse, but connects the 
load when the core is switched to 0 by the read pulse. The input puise 
then needs only sufficient power to switch the core. When the read pulse 
switches the core, it must also drive the load. For the type of output 
illustrated, the load is connected to the read pulse through the core, as 
through a transformer. 
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power supply pulse 


THE MAGNETIC CORE MAT BE CONSIDERED TO BE AN AMPLIFIER 


Even if the input pulse were weak and barely able to set the core, the 
output pulse could be strong. It could, with proper design, be considerably 
stronger than the input pulse; From this point of view a core can be con¬ 
sidered as a type of pulse amplifier, because a weak; pulse input can seti pp 
the core $o that it will provide, when it is read, a stronger pulse output. 

Core circuits designed to take advantage of this feature are sometimes 
called magnetic amplifiers. 

The read pulse is generally a fresh pulse that often comes directly from a 
pulse supply. This pulse serves somewhat the same function as a power 
supply serves in a vacuum-tube machine. It is the source of power for the 
output pulse. The input supply controls it, in a binary way, by determining 
whether or not. there will be an output pulse at all. 
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Core-ond-Diode Circuits 


CORE-AND-OIODE CIRCUITS BOTH AMPilFY 


Using this type of circuit it is possible to rely upon magnetic components 
not only to perform the logical operation in a computer, but also to provide 
the amplification. It is possible to use a long string of cores in series 
without passing through a tube or transistor amplifier. The output from 
each core need only be strong enough to pass through a small amount of 
circuitry, and then to switch another core. Its effect then becomes static 
in the memory of that core and its job is done. Later on, the second core 
is read with a power supply pulse which will provide a fresh output, strong 
enough to pass through more circuitry and set the next core in line. This 
establishes a basically sequential mode of operation controlled by carefully 
timed pulses. 
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OTHER CORE USES 


Multistate Cora Counters 

Although the magnetic core is basically a binary device, it is possible to 
use it as a multistate counter. Here the core is used in such a way that a 
number of pulses are necessary to switch it entirely from the 0 to the 1 level. 

To switch a core reliably, a pulse of certain duration is required. If a pulse 
of shorter duration is applied to the core, it switches the core part way. 

If carefully regulated pulses are applied to the input of a core it will 
require a certain number of them before the core is entirely switched. This 
is the principle of certain counters with hysteresis loops. 



May Be Used As A Decimal-Counting Element 


With each pulse the core rises to a higher remanent level. In this example 
the input pulses are carefully regulated so that each one of them will switch 
the core one-ninth of the way towards saturation. Exactly nine pulses are 
required to switch the core entirely. The tenth pulse, sensing that the core 
is entirely switched, generates a carry which clears the core to 0. 

It is not possible to tell the condition of the counter except when it reaches 
positive saturation. Each incoming pulse causes a change of flux in the core, 
unless the core is already saturated. The core is partially switched by each 
of the first nine pulses applied to it. The ninth pulse brings it to positive 
saturation. When the tenth pulse is applied it causes no appreciable change 
of flux in the core. This fact is sensed by one of the conventional methods 
of output described earlier and is used to generate a carry. The carry clears 
the core back to the 0 condition. 
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The magnetic core has some 
advantages and disadvan¬ 
tages in comparison to the ^ 
flip-flop, A pulse of power 
is required to switch the 
core to one condition or the 
other but not to hold it in 
that condition, A flip-flop, 
however, consumes power 
continuously to provide its 
memory. Magnetic core 
characteristics do not drift 
significantly with age as do 
those of vacuum tubes. 
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A magnetic core can be sensed without 
a third winding. This method of sensing 
the core is based upon the impedance of 
the core windings when the core is being 
switched. The impedance that a core 
presents to the read-drive pulse varies 
greatly depending upon whether or not 
the pulse switches the core. When the 
TO core is being switched, the core winding 
presents a high impedance and there is 
a maximum change of flux in the core. 
The changing flux generates a back etnf 
across the winding. The winding pre¬ 
sents a low impedance to a pulse that 
does not switch the core. This applies 
^ to a pulse that attempts to clear a core 
that is already at 0. 




The magnetic shift register is 
very adaptable to computer op¬ 
erations because it can be used 
to reconcile the rapid speed of 
the computer itself with the 
slowness of input-output, units. 
Since every bit in the magnetic 
shift register is held in static 
storage, the line works equally 
well whether the input pulses 
occur once every few micro¬ 
seconds or every few hours. It 
is possible, therefore, to fill up 
the shift register at one rate of 


speed and read it out another. 
It is also possible to dse serial 
or parallel input and parallel or 
serial output, in any combina¬ 
tion. This ability to convert be¬ 
tween parallel and serial form 
adds greatly to the versatility 
of the magnetic shift register. 
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DECODERS AND ENCODERS 


Encoders and Decoders 

. 

The next, several pages explain how sortie -common logical functions are 
performed in computers. Two of the most important functions are encoding 


and decoding. 
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INTERNAL UNITS' 
OF COMPUTER 


ENCODER 


DECODER 


Special codes are often used inside computers that do not have any mean¬ 
ing outside of the machines. For example, the internal circuits of the com¬ 
puter may be designed to work with data expressed in one of the binary- 
coded decimal notations. Therefore, the computer must be able to translate 
incoming data into the special code, work with it i« coded form inside the 
machine, and translate it back to conventional form when it is ready for 
output. The units within the computer which do this translating are known 
as encoders (they put the data into coded form) and decoders (they change 
it from coded to conventional form). One would, expect, to find an encoder 
in the input circuits of a computer and a decoder in the output circuits* 
and both elements in the control circuits. 
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DECODERS AND ENCODERS 


Decoders 

In general, we must decode whenever we want to recognise a digit that is 
held in coded form. Characteristically a coded digit is represented not by 
one signal, but by a combination of signals. A binary-coded decimal digit, 
for example, can be represented by a combination of four binary bits. To 
determine the decimal value of the combination, it is necessary to inspect 
all four bit positions, A unit that translates a combination of signals into one 
discrete signal representing that combination is called a decoder- 


BASIC FUNCTION OF A DECODER 


DECODER 


Sometimes a computing system will use more than one forth of code. In 
this case it may be necessary to change data from one coded form to another 
inside the machine. The unit which changes data from one code tq another 
is called a translator. 















































DECODERS AND ENCODERS 


Decoding a Binary-Coded Decimal Digit 


iuhnhk 


m ANP-UMNT AS A MCQm ' 


For an example, let us suppose that four flip-flops are used to hold the coded 
combination of a decimal digit. The digit in the four flip-flops might be any 
one of the ten decimal digits 0.. ,9, expressed in excess-3 code. Suppose 
we want to recognize the pulse combination for the numeral 6, which in 
excess-3 is 1001. No single flip-flop can tell us whether or not the pulse 
combination is 6. To discover this we must consult ail four flip-flops. The 
combination equals 6 only if 

FFl = 1 
and FF2 = 0 
and FFd —0 
and FF4 = 1 

The decoding of the combination 6, therefore, can be donebvan AND-ele- 
ment, which inspects the 4 flip-flops for the proper combination, as shown. 
When the combination is 1001, all of the inputs to this AND-e lenient are 
high, and it will produce a high output. If there is any other combination 
in the flip-flops, some one of the inputs will be low, and will prevent the 
4#D-element from developing a high output. This 4WD-element is a de¬ 
coder for the, combination 6 because it provides a discrete signal in place 
of a combination of signals. 

The 4WD-element shown here is only good lot decoding the combination 
representing 6. To decode any other numerals, we would have to provide 
a separate 4 IVD-element for each one of them. To decode the ten decimal 
digits 0, . , ,9 would require ten decoding AiVD-elements, 
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DECODERS AND ENCODERS 


A Simple Decoder 

Let ws take the simple case of decoding atwo-stagebinary counter. Such a 
counter is capable of holding four counts*. 00, 01, 10, and 11. To decode all 
four counts ss>ould require four AAfD-elements. Below is an example, using, 
tube-and-diode circuits, with four positive diode AlVD-circuits. 


Notice that the drawing is awkward and difficult to follow even with this 
very simple example; If we were decoding all possible combinations of four 
flip-flops to get 16 outputs, the drawings would be even more difficult id 
follow^ 
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DECODERS AND ENCODERS 


The Diode Decoder Matrix 


Decoders 


The diode decoder has a certain symmetry about it which suits it to a 
different drawing approach, We show another arrangement of the preceding 
circuits. This time they are drawn in the form, of a matrix or grid. Lines 
from the plates of the amplifiers extend horizontally across the page. The 
lines crossing vertically represent the junction points of the AND-elementn. 
These are drawn with heavier lines in both versions. The gating diodes are 
shown as diagonals between the appropriate input and output lines. 
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DECODERS AND ENCODERS 


Logical Representation of the Matrix 


It is just as difficult to draw the logical block diagram of a decoder with a 
large number of AlVD-elements as it is to draw the circuit schematic. For 
this reason, the matrix format has also been carried over into the logical 
symbolism. For tube-and-diode circuits, this logical symbol tells almost as 
much as the circuit drawing. Each of the input lines is from a driving 
amplifier. Each of the output lines represents a decoding AND-circxiit, with 
diode connection between drivers and Aj^D-circuits as indicated by the 
small D-shaped symbols. Each of the D-shaped symbols is an input diode 
to an AJVD-circuit. 
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DECODERS AND ENCODERS 
ANBEleroenls os Inhibitors 

The AArD-eiements are basically inhibitory, not permissive devices. This 
fact can be illustrated by any decoding gate. In the examples that we have 
given, each decoding A ND-element has one input from every flip-flop. Th.e 
reason for this is interesting. An input from every flip-flop is needed, not to 
pick up the right combination, but to avoid picking up the wrong one. 

Take the earlier example of the A ATD-element that decodes 1001 as the ex¬ 
cess-3 combination for 6, Suppose that here we eliminate the connection to 
the 2’s-level flip-flop. Then the decoding gate would look for the combina¬ 
tion 101. It inspects FF1, FF3, FF4, but not FF2 Therefore the gate would 
provide an output for either of the combinations 1001 or 1011. It would still 
provide an output when the flip-flops hold a 6. But it would also provide an 
output when the flip-flops hold an 8, The function of the diode we eliminated 
was not so much to select the AiVD-element during the proper combination 
as to inhibit it during the erroneous combination. 



| If a diode opens up we get... 


f the fight output plus an erroneous output I 
i from the same AND-circuit 


Some diodes tend to fail by opening up entirely, The effect is just as if the 
diode were not in the circuit at all. Suppose this should happen to the diode 
on the A JVZ?-circuit we have just been discussing, which is decoding the . 
6 condition of a counter. It would not cause any trouble when the cduntet 
■was at 6, for it would still produce the 6 output properly. But it would 
cause trouble when the counter was at 8, At that time we would get not only 
the proper 8 output, but also the faulty 6 output, Trouble of this type is 
somewhat difficult to find: because the indications do not lead directly to it. 
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DECODERS AND ENCODERS 


Decoding a Four-Stage Binary Counter 


In the illustration, notice how the pattern of the binary system shows up 
in the decoder matrix when all possible outputs are decoded. The diodes 
driven by the least significant flip-flops alternate between zero and one for 
each new output. In the second column they alternate for every second out¬ 
put, in the third column for every fourth output, and in the fourth column 
every eighth output. Each output line represents a 4-input AND-e lement. 
Each flip-flop amplifier drives the same number of diodes. 








AND ENCODERS 


Deeodtog tot Two Stages 

Our decoder provides the 16 outputs of the previous figure but requires 
fewer diodes, In this case decoding is done in two stages, The four flip-flops' 
are divided into two groups and each of the two groups is first separately 
decoded. Then the decoded outputs of the two groups are; combined in a 
final decoding table. This final decoding table is relatively simple because 
it requires only two-input /lWD-elements, 


Each of the outputs from the first stage of the decoder is a two-input AND- 
element which drives four more two-input AiVD-elements in the final de¬ 
coder. The resultant decoder uses 48 diodes. The alternative method of de¬ 
coding all 16 combinations by means of four-input dTVD-elements requires 
64 diodes. 
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DECODERS AND ENCODERS 


Component. Economy 

The reasoning behind two-stage decoding can he illustrated by the first 
four binary combinations 0000, 0001, 0010, and 0011. All four of these com¬ 
binations have this in common: the two most significant digits are 00 

It seems reasonable then, instead of using two diodes to represent this 00 
combination on each of four AND-elements, to use a separate AJVD-element 
to combine these two into a discrete Signal representing the combination 00. 

This combination can be applied to the Other AND-elements by means of a 
single diode. 


0000 


This type of reasoning is very 
common in computer design. 
In the decoder example it ap¬ 
plies not only to the 00 com¬ 
bination illustrated,, but also 
to any other combination of 
two diodes that could be se¬ 
lected. All of them are used 
four times over. In the mini¬ 
mized decoder we have com¬ 
bined all possible combina¬ 
tions of the two most signifi¬ 
cant bits and all possible com¬ 
binations of the two least sig¬ 
nificant bits. Therefore, we 
can get any of the 16 possible 
combinations by combining, in 
a two-input AND-? lement, one 
signal from each of the two 
partial decoders. 





TYPES OP COUNTERS 


The Encoder 

An encoder is a unit which changes discrete inputs into coded combinations 
of outputs* One place where encoders are frequently used is in the input 
units of computers. If an input starts at a keyboard, there will be a separate 
key for each characters The character 6, for instance, will be represented 
by pressing a single key on the keyboard.. But inside the computer it must 
be represented by a code combination, for instance, the straight binary code 
combination 0110. Obviously there must be some connection between the 
6 key and a unit which represents the 2’s level and 4's level in the computer 


COMBINATION 


SINGLE 


ENCODER 


OF CODED OUTPUTS 


DISCRETE INPUTS 


KEYBOARD 


ENCODER 


Likewise there must be some connection between the $ key on the keyboard 
and the t’s and 4’s level in the computer. Since signals from the 5 and 
the 6 keys both effect the 4’s level, these signals must be buffered into the 
4’s level by means of an OR-element. The OR-element passes signals from 
either source but does not tie the 5 and 6 inputs together. 


Google 



TYPES OF COUNTERS 


A Decimal Encoder 

The example illustrated is a simple encoder which accepts as inputs ten 
discrete signals representing the decimal digits 0.,. .9. It is presumed that 
only one of these is selected at any given time; On its output it ’produces 
the proper combination of pulses to represent the input signal in straight 
binary-coded decimal notation. The encode* is usually designed to provide 
outputs only for the bits that should be i, and not for the bits that should 
be 0. The four outputs from such an encoder could be used to set four 
flip-flops, all of which had been initially reset or cleared to 0000. Out¬ 
puts from the encoder would then set the appropriate flip-flops to 1. The 
others would remain at 0. 


0000 


Encoders are very simple. Their only job is to establish the connection 
between the inputs and the proper outputs while keeping the inputs buffered 
apart. The job is sometimes done mechanically in slow input circuits where 
speed is not a consideration. More frequently it is done by diodes or 
magnetic cores. 
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TYPES OF COUNTERS 


The Whiifletree 

Essentially, an encoder may be considered as a number of OR-elements or 
buffers, one for each output. The inputs are applied to the proper combina¬ 
tion of OR-elements according to the requirements of the code. The buffers 
are necessary simply because there is usually a number of inputs converging 
on the same few outputs. It is necessary to combine the inputs with their 
common outputs while keeping the inputs themselves buffered apart. 




In large encoders, the number of inputs converging on a common output is 
often far too great to allow the use of a single OR-element. This is especially 
true of diode OR-circuits, in which the back impedence of all the input 
diodes would be in parallel. To avoid this, the large buffers are broken down 
into whiffletree OR-circuits all funnelling into the same few outputs. The 
encoders assume the characteristic pattern indicated in the above 
illustration. 


Digitized by 


Google 


( 2 - 113 ) 


Original from 

UNIVERSITY OF MICHIGAN 




Counters are often used in the control of a computer. Some examples are: 

1. Multiplier counter. This counts the series of additions in a multi¬ 
plication operation. It is a control counter because its output is used to 
stop the additions after the proper number has been performed, as 
indicated by the piultijjiier digit. 


2. Quotient counter. In division, the quotient counter counts the num¬ 
ber of repeated subtractions in order to build up each quotient digit. 


3, Shift counter* Each shift instruction specifies the number of digit 
positions that the word should be shifted. The shift counter counts the 
number of shifts as they occur, and when the required number is com¬ 
pleted, it stops the instruction. 


4. Instruction subdivider counter. This counter subdivides a complex 
instruction into a number of smaller and simpler operations, which 
are then performed in sequence. This unit is commonly used in com¬ 
puter control and is explained in Vol. 3. 
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COMPUTER ARITHMETIC UNITS 


Mechanizing the Shift Counter 

The illustrations below show two ways in which the shift count can be 
mechanized. In the comparator method, a static indication of the number 
of shifts is compared with the constantly increasing count. When they 
agree, the comparator provides a control signal to stop the shifting process. 


The Comparator Method 



indication of shifts required from program 


The complement method does not require a comparator. This method pre¬ 
sets the shift counter to the 9’s complement of the required number of shifts. 
Then the shift counter counts each shift until the count of 9 is reached. 
The only control signal required is the decoded 9 output of the counter 
which can be obtained from a simple AATP-element. 

The 9’s complement of any number is the difference between that number 
and 9 (9-n). Starting with the 9’s complement, we must count n times before 
reaching the 9 output. 
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COMPUTER ARITHMETIC UNITS 


Binary Counters 

Several types of counters are used, for they Are made out of flip-flops, gas 
tubes, stepping switches, magnetic cores, beam switching tubes, etc. At first, 
most control counters were flip-flop binary counters made of flip-flops con¬ 
nected together to count in binary progression. 

One disadvantage of a binary counter is that the count is expressed as a 
coded combination of outputs. But a discrete signal is needed if it is used 
for control. Therefore the outputs of the counters must be decoded. Binary 
counters are frequently followed by decoders. This figure shows a fully 
decoded three-stage binary counter. 
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One advantage of a flip-flop binary counter is that its outputs are static- 
The counter, operating through the decoder, provides a continuous indica¬ 
tion of the state that it is in. These outputs from the decoder can be dc 
coupled into the controlled circuits, and they will provide the function re¬ 
quired by any particular count for as long as that count may last. This is 
not possible with core counters which provide a pulse output only when 
the count changes. 

One disadvantage of a binary-type counter is that it is difficult to change 
its base. This is true, but only of the binary system of counting. A three- 
stage counter such as the one shown above is a base-8 or modulo-8 counter. 
If a fourth stage were added, it would become a modulo-16 counter. A fifth 
stage would make it a moduJo-32. 
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Short Counting a Binary Counter 

It is easy, then, to make a counter to any base -which is a power of 2. But it 
is somewhat awkward to use binary elements to build a counter to a base 
which is not a power of 2. It can be done., however, by a technique known 
as short-counting the counter. Using this technique, the designer starts 
with a binary counter that contains more counts than he needs. Then he 
eliminates the extra counts. There are several methods of doing this, but 
our example illustrates the general problem involved. This figure shows 
a four-stage binary counter modified to provide a decimal count. 
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f BINARY COUNTER MODIFIED FOR DECIMAL COUNT > 


A four-stage binary counter gives a base-16 count. If we want a base-10 
count, we must eliminate six of the sixteen available counts. A simple way 
of doing this is to jam the counter back to 0 when the count goes above 9. 
In the example this is done by decoding the 9's condition and by using the 
following count input (which occurs while the 9 output is high) to jam the 
counter back to the 0 condition. 

Notice that in this case a two-input AND-element is sufficient to decode the 
9’s condition. This AlVD-element looks for coincidence of a 1 in the fourth 
flip-flop and a 1 in the first flip-flop. The 9*s count (1001) is the first time 
that this combination occurs. It would normally occur in some later counts 
also, including 11 (101L), 13 (1101), and 15 (1111). The two-input decoder 
would provide an output for any one of these combinations. But in this 
case, since we are going to clear th* counter to 0 with the tenth incoming 
pulse, we can guarantee that these later counts will never occur. Because 
we know they will never occur, we need no* add to the decoder the diodes 
that would distinguish between them and 1001. 
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Magnetic Cote Counters 

Binary counters could also be built using cores as components instead of 
flip-flops. But this is not so frequently done with cores, Simple techniques 
are available for building cores into ring counters and. they are more 
frequently found in that form. 

A single ring counter such as that shown below does not require any 
decoding because a separate core is used for each step of the count. On 
the other hand, a disadvantage of core counters is that they do not provide 
a continuous indication of their condition, as flip-flop counters do. The 
only outputs from a core counter are pulses which occur at the time the 
count is advanced from one step to the next. 



Td get a static indication of the condition of such a counter, it would be 
necessary to set and reset static elements. These static elements may be iUp- 
flops, as shown, or they ; : may be core ping-pong circuits which provide a 
continuous stream of pulses as long as they are set and no pulses as long 
as they are reset. For instance, the first flip-flop in our figure provides a 
static indication of the step 2 of the counter, for it is set when the counter 
goes from 1 to 2 and reset when the counter goes from 2 to 3. 

Using this technique; it is possible of Course to give a static indication of 
a group of counts as well as of a single count. As an example, the second 
flip-flop is set during steps 5, *>, and 7, It is set at the time the counter 
goes from 4 to 5 and reset at the time the counter goes from 7 to 8. The 
output of such a flip-flop could control some function that must continue 
over a number of steps. 
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Multistage Core Counters 

Suppose that we wish to count up to 30, using core counters. If we wish 
to perform a different control function at each step it might be reasonable 
to use a long ring of 30 cores, one for each step. Such a counter would have 
the advantage that no decoding is necessary, for there is a separate core 
to represent each separate step. On the other hand such a counter is un¬ 
necessarily wasteful of cores. 

A 5 X 6 BASE-30 COUNTER 



Base-5 State 01234012340 1 234 01 2 340 1 2 340 12 34 0 


Base-6 State 00000111112222 2 333 334444455 5 5 5 0 

If we did not require the intermediate steps, but needed only to select 
every thirtieth pulse out of a stream of pulses, the counter could be made 
with fewer than 30 cores. One method of doing this is shown here. It is done 
by counting six times around a modulo-5 counter. The count input is applied 
in the modulo-5 counter. Whenever this counter develops a carry, that carry 
counts the modulo-6 counter. Since 5 X 6 = 30, a carry from the modulo-6 
counter occurs every thirtieth pulse. At that time, both counters go back to 
the 0 condition. 

The use of multistage counters is common whenever it is necessary to count 
to high numbers. When the counters are used for control rather than arith¬ 
metic, there is often no reason why decimal, or base-10 counters should be 
used. It is not even necessary to use the same base in different stages of a 
counter. In the counter we have just described, for instance, there is an 
advantage to using one base-5 and one base-6 counter, because we require 
a product of 30. 
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Multistage Cora Counters (contd.) 

A modulo-72 counter, for instance, could be built up in a number of ways, 
a few of which are 

1. A single-stage counter consisting of a long ring of 72 cores. 1 X 72 = 72. 



2. A two-stage counter consisting of a modulo-12 counter feeding a 
modulo-6 counter. 12 X 6 = 72, or, vice-versa, 6 X 12 = 72. 



3. A two-stage counter, one to the base-8 and the other to the base-9. 
8 X 9 = 72. 



4. Any combination of three or more stages whose bases are factors of 72. 
For instance, 4 X 3 X 6 = 72. 3 X 3 X 8 = 72, etc. 















COMPUTER ARITHMETIC UNITS 


Multistage Core Counters (contd.) 

By going to multistage counters, however, we bring back some of the dis¬ 
advantages that were pointed out for multistage binary counters. First of 
all, we no longer have a discrete indication of each step. For instance, the 
twenty-third count in our example of a 5 X 6 or a base-30 counter is indi¬ 
cated by the facts that the modulo-5 counter is at 3 and the modulo-6 counter 
is at 4. To get a discrete indication of the twenty-third count, we would have 
to decode it by sensing in some way the condition of these two cores. 



Decoding is necessary because the modulo-5 counter is used over and over 
again during the counting of 30. This is not true of the modulo-6 counter, 
however. The modulo-6 counter goes through its count only once for 
30 inputs.. Therefore, a pulse output from any one of the cores in a modulo-6 
counter is meaningful in itself without further decoding. The output from 
the modulo-6 cores indicate the multiple of 5, as shown in the chart. 
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COMPUTER ARITHMETIC UNITS 


Short-Couattagtfce Core Cannier 

When we use multistage counters we get into another difficulty that we 
described for binary counters. The base is no longer flexible There is no 
difficulty if we want to count an easily factorable number like 12 of 30. But 
suppose we went to count to 2? instead of to 3d. This is more difficult 
because 29 is a prime number and has no factors other than 29 X l- 


It is still possible to count to 29, however, with the use of fewer than 
29 cores. This can be done by another method of short-counting: 



Presetting Cenritev tnoWe? It To Count To Ac* !jrif<*iC(ouabte BWtibtr. 


In an earlier example weshort-eounted a modulo-16 binary counter in order 
to make it a decimal counter. In that case we took six counts off the end 
by clearing the counter back to zero with the tenth input pulse. In the present 
case, we use a modulo-30 counter to obtain a 29 count. Here it is more con¬ 
venient to take the extra pulse off the beginning of the count, rather than 
the end; We can do this by presetting the counter to the 1 condition, rather 
than by clearing it to the 0 condition. 

We have shown this counter being used to obtain a modulo-30 counter. In 
that case we started with both counters Initially cleared by 0 by applying 
the preset pulse to the 0 core of. both stages. To precount it to 1 rather 
than 0, the modulo-6 counter is still set to 0, but in the modulo-5 counter, 
the preset pulse is applied to the 1 core rather than the Q core, as shown 
in the illustration. Since the counter starts one count ahead, it will finish 
one count ahead, and the final carry will occur, not on the 30th pulse, but 
on the 29th pulse. The first count pulse into this counter advances it from 
step 1 to step 2. The 29th count pulse advances it from step 29 to step 30, 
and produces the carry output. 
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COMPUTER ARITHMETIC UNITS 


Adders 

The fundamental operation that a computer performs is addition. This, too* 
must be done by units built out of the basic logical building blocks. We will 
show here some examples-of how the basic building blocks can be used to 
build a binary table adder. Binary table adders are commonly used as the 
heart of a computer’s arithmetic unit* 

A full adder must accommodate three inputs: addend, augend, and carry. 
An adder summing a single column in a binary number must accept one 
bit (binary digit) from each of these three sources, and provide the correct 
sum and carry. There is a simpler unit, which accepts only two bits on its 
input, from addend and augend. Such a unit is only doing half the job. 
for it fails to add in a possible carry from the next less significant bit 
position. Such a unit is. in fact, called a half-adder; two are sometimes used 
to make a full adder. 
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COMPUTER ARITHMETIC UNITS 


The Half-Adder 

The half-adder is a simpler unit. It operates according to simple binary 
addition explained earlier in this course. 

These are the only four combinations of the two inputs that can occur. 

There are fairly simple logical relationships between inputs and outputs, 
which we can express in terms of AND- and OR-elements. The simplest 
relationship is in the case of the carry; 

A carry occurs only if the addend is 1 and the augend is I. 

Let 1 represent a high-level signal., and 0 represent a low-level signal. Then 
art indication of a carry can he obtained from a simple AlVD-element, The 
expression for the sum is slightly more, complex: 
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Addend OR Augend 
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Addend AND Augend = Carry 


A sum occurs if the addend is 1 or the augend is 1, and there is no carry. 
Both inputs ate applied to an OR-element. If either one is high, it passes 
through to attempt to produce a high sum. But the sum will be high only 
if the other condition, that there is no carry, is true. 

We already have a signal which is high when a carry occurs, and low at all 
other times. We need the inverse condition-—-a signal which is high when 
there is no carry, and low if there is a carry. We can obtain this by passing 
the carry signal through an inverter. Remember that an ordinary tube or 
transistor has this characteristic of producing a high output for a low 
input, or vice-versa, a low output for a high input. 
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The Half Adder and Its Applications 
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* Do Not Branch 
INPUTS NOT EQUAL 
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An interesting feature can be noticed about the half-adder. It provides a 
sum output if the inputs are unlike (0 and 1, 1 and 0), but no sum output if 
the inputs are alike (0 and 0, 1 and 1). It can be used, therefore, as an 
equality comparator. Below are some examples of its use in this capacity: 

1. An equality detector. This is sometimes used to govern transfer of con¬ 
trol instruction. One common type of the branch or instruction is the 
equality branch, which changes the control address only if two numbers 
are found entirely equal upon comparison. 

2. An inequality detector. This is used in checking circuits. One method 
of checking is to use duplicate circuits. Then the same computation takes 
place simultaneously in two separate units. If the units are operating 
properly, the outputs of the two will be the same. These outputs from 
the duplicate units are applied to an inequality detector as a check. Any 
output from the checker indicates an error. 

An inequality detector is often used for other types of checks. An example 
is the echo check which checks the transfer of data from one unit to an¬ 
other. The inequality detector does this by transferring the data back again 
and comparing it with the original. 
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The Quarter Adder or Exclusive OR 

Some circuits are available which function like a half adder, except that 
they produce only a suin output, and no carry output. 


OR 


UNLIKE INPUTS 


PM**! 




These circuits are sometimes known as quarter adders, because they do half 
the job of a hair adder (although a quartet-adder could be truly described 
as one that provides the sum of two bits). 

Quarter adders built of tube circuits ate not very common, because the 
circuit is not as simple and dependable as the half adder. The function is 
easier to mechanize with magnetic cores. When built of cores, it is more 
popularly known as an Exclusive OR-circuit. It is so called because an 
output occurs if only one of two inputs occur, but not if both inputs occur., 
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Adding With Half-Adders 

Here we show how two half-adders can be used to make up one full adder. 
The first half-adder adds the addend and augend as described above. The 
second adds to the sum of the first the carry from the next less-significant 


digit. 

Two common arrangements are shown, one for parallel operation and one 
for serial. For parallel operation there is an adder for each bit position, and 
all of the bits are applied simultaneously. The carry from one column is 
transferred to the adder in the next column. 


THE BIT POSITIONS IN A W6IT CAN BE ADDED OWE AT A TIME 
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In serial operation, only one adder is riaed for all bits, but the bits come 
one at a time, starting with the least significant. A carry generated in either 
half adder is stored in a 1-pulse delay element. By the time the carry pulse 
reaches the output of the delay, the next pair of pulses arrives at the adder 
inputs. They are added in the first half adder and the sum is immediately 
available to be added with the delayed carry in the second half adder. 

It is like a good puzzle to work out a few additions mentally, using the serial 
adder. Try it arid you will gain a better appreciation for computer logic 
and timing. 
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The Full Binary Table Adder 


A full adder must provide the cortect sum and carry for all possible com¬ 
binations g£ the three inputs, as shown in the following chart: 

Addend 9 10 0 1 10 1 

Augend 0 0 1 0 1 011 

Carry 0 0 0 1 0 1 1 1 

Sum 0 1 1 1 0 0 0 i 

Carry 0 0 0 0 1 1 1 1 


Any single input passes through to sum output. 

Any two inputs produce a carry which inhibits sum. 

All three inputs produce a sum as well as a carry. 

In serial use, the carry is applied back to the carry input after a 1-pulse 
delay. '• ? fe'M"- 
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The Full Binary Table Adder (contd.) 

The exceptional case occurs when there is a 1 on all three inputs. In that 
case both a sum and a carry are required. The carry is provided in the 
normal way. But the presence of a carry brings the no-carry signal to the 
low level, and the conditional sum cannot pass. In this case an extra sum 
must be developed and buffered into the sum output. This is done hy an 
A!VX>-element which detects the coincidence of all three inputs. 




Instead of using two half-adders, it is possible to build a logical network, 
which accepts all three inputs and provides the correct sum and carry 
directly. Shown is an example of how this might be done. 

The table shows that the rules of operation are similar to those of the 
half-adder. Any high inputs pass through a buffer to form a tentative sum.. 

If the no-carry signal is high, the tentative sum passes on to become a teal 
sum. As in the half-adder, coincidence of two inputs produces a carry. 

In the full adder, however, there are three possible combinations of two 
inputs: (addend and augend) or (addend and carry) or (augend and carry) 

In serial use, the carry is applied back to the carry input after a l-pulse 
delay. . / . \ 
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Four flip-flops can hold the coded 
combination of a decimal digit. The 
digit in the four flip-flops may be 
any one of the ten decimal digits 
0 . i . 9 expressed in excess-3 code. 
If we want to recognize the pulse 
combination for the numeral 6 in 
excess-3 code (which is 1001) we 
would have to inspect ail four flip- 
flops, The combination equals deci¬ 
mal 6 if FF1 = 1» and FF2 — 0, 
and FF3 ~ 0 and FF4 = %, The de¬ 
coding of the combination 6, there¬ 
fore, can be done by an AATiD-ele- 
ment which inspects the four flip- 
flops for the proper combination. 
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An encoder may be considered as 
a number of 01?-elements or buf¬ 
fers, one for each output. The in¬ 
puts are applied to the proper com¬ 
bination or OjR-elements according 
to the requirements of the code. 
The buffers are necessary because 
there is usually a number of inputs 
converging on the same few out¬ 
puts. In large encoders the number 
of inputs converging on a common 
output is much too great to allow 
the use of a single 01?-element. 
This is especially true of diode 
0/t-circuits in which the back im¬ 
pedance of all the input diodes 
would be in parallel. To avoid this 
the large buffers are broken down 
into whiffletrees of buffers all fun¬ 
nelling into the same few outputs. 
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A carry occurs only if the 
addend and the augend are 1. The 
carry indication can be obtained 
from a simple AlVJD-element. An 
expression for the sum of two bits 
in the half-adder is more complex. 
A sum occurs if the addend is 1 or 
the augend is I and there is no 
carry. Both inputs are applied to 
an Oil-element. If either input is 
high it passes through and attempts 
to produce a high sum. However, if 
bath inputs to the O/J-circuit are 
high at the same time, a carry is 
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produced which operates through 
the inverter to inhibit the AND- 
element, A low output, which is 
equivalent to the sum of 0 is then 
produced. 
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efficiency of, 2-60 
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in capacitive circuits, 2-36-38 
operation of, 2-13-33 
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Complement, 2-17, 2-115 
Computers, ac and dc, 2-62 
Converter, serial-parallel, 2-95 
Core-and-diode circuits, 2-98 
Counters, 

binary, 2-15-18, 116-117 
core, 2-91-93, 118-122 
in control, 2-114 
multiplier, 2-114 
multi-stage, 2-119-122 
multi-state core, 2-99 
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ring, 2-13-14, 91-93, 118-120 
shift, 2-114-115 
short-counting, 2-117, 122 
subdivider, 2-114 
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basic types of, 2-62 
coded pulse trains, 2-66 
crossover, 2-71, 72 
of multivibrators, 2-76 
pulses through RC circuit, 
2-67-70 

static signals, 2-64, 71 
timing pulses, 2-65 
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Damping, 2-39-41 
Dc restoring, 2-36-38, 69-70 
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Flip-flop, 
circuit, 2-71-74 
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2-80-82, 84 
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multivibrators, 2-76 
disconnected input, 2-43 
in counters, 2-14-18,116-117 
in sign comparators, 2-11-12 
input signals, 2-75 
logical operation of, 2-7-10 
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Gating level, 2-55, 71 
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Hysteresis loop, 2-82-84 

Input-output units, 2-101 
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in core circuits, 2-88 
in flip-flop, 2-8,10,17 
in multivibrator, 2-21-22 
representation of, 2-10 
Inverter, 2-128,129 

Limiters, diode, 2-33 

Magnetic amplifier, 2-97-98 
Magnetic core, 
amplifiers, 2-97-98 
basic properties of, 2-78-79 
basic transfer loop, 2-89 
comparison with flip-flop, 

2-80-81, 84 

conditional transfer loops, 2-90 
continuous output from, 2-96 
counters, 2-91-93, 118-122 
hysteresis loop, 2-82-84 
impedance of windings of, 2-87-88 
ping-pong, 2-96 
reading out of, 2-85-88, 97, 99 
shift registers, 2-94-95 
signal-to-noise ratio, 2-86 
split-winding, 2-90 
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types of, 2-76 


OJ?-element, 
diode circuit, 2-46-47 
exclusive, 2-126 
in adders, 2-124,127-129 
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in sign comparator, 2-11-12 
operation of, 2-2, 5-6 
whiffletree, 2-113 


Ping-pong, 2-96 
Pulse repetition rate, 2-63 
varying, 2-69-70 
Pulse train, 
coded, 2-66 
dc level of, 2-67-70 
timing, 2-65 
Pulse transformer, 
damping of, 2-39-41 
for impedance matching, 2-60-61 

Quarter-adder, 2-126 
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Register, magnetic core shift, 
2-94-95 

Ring counter, 2-13-14, 91-93, 118-120 
Rise-and fall-time, in tube circuits, 
2-56-59 


Shift, 

counter, 2-114-115 
operation, 2-114-115 
register, magnetic core, 2-94-95 


Short-counting, 2-117, 122 
Signal flow, 

in core-and-diode circuits, 2-98 
in tube-and-diode circuits, 

2-54, 55 
Signals, 

basic types of, 2-63 
coded pulse train, 2-66 
continuous periodic pulse train, 
2-65 

static, 2-64, 71 

Sign comparator, logic, 2-11-12 
Subdivider counter, 2-114 
Switching front, 2-83 
Synchronization, 
by magnetic shift register, 2-95 
by univibrator, 2-22-23 

Timing pulses, 
coupling of, 2-65 
in core circuits, 2-92, 97 
Toggle, 2-7 
Transformer, 
damping, 2-39-41 
for impedance matching, 2-60-62 
Translator, 2-102 
Trigger, 2-7 
Troubleshooting, 

AJVD-elements, 2-107 
use of block diagrams in, 2-1 
Tube-and-diode circuits, signal 
considerations, 2-54-55 

Univibrator, 2-21-22 

Vacuum tubes, 
binary use of, 2-51, 52 
rise- and fall-time, 2-56-59 
use in computers, 2-49-50 
use of clamps with, 2-53-55, 59 

Whiffletree, 2-113 
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PREFACE 
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This course was developed over the past four years while in use as a 
training program for computer technicians and field engineers. Its aim is 
to provide an easy path to a fundamental digital computer background. 

It has been the experience of the computer field that persons who wish 
to learn about computers, or expand their knowledge of them, face a com¬ 
mon initial task: regardless of what system they are learning, they must 
first become oriented to “computer thinking.” They must learn the back¬ 
ground, the language, and the basic elements. They must become familiar 
with the fundamental concepts of storage, control, timing, arithmetic, and 
programming. With this background mastered, it becomes relatively easy 
to learn the details of any specific computing system. 

Material is included in these volumes on the basis of its being common to 
or representative of digital computers in general. The book therefore fits 
naturally into the “basic” electronic series. The material is not difficult 
when reduced to fundamentals, but many of the ideas are unfamiliar in 
the experience of the average technician, and therefore the value of clear 
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illustrations is even greater than usual. For this reason the subject matter 
has been distilled into easy-to-learn “picture book” form. It is presented 
especially to serve as an effective aid to men entering the computer or 
allied fields. 

The author is very grateful to his many associates of Burroughs Corpora¬ 
tion and to others who read and commented on preliminary drafts, or who 
otherwise offered valuable assistance in this work. For their generous ad¬ 
vice and criticism I would like especially to thank R. P. Mayer of Lincoln 
Laboratory, Massachusetts Institute of Technology, C. F. Lee of Reming¬ 
ton Rand Univac, and D. T. Best of Burroughs Corporation. 

Philadelphia J. S. MURPHY 

June 1958 
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COMPUTER MEMORY 


Memory 

Since the very beginning of electronic computing, the field has been 
confronted with two major tasks. One of these is the development of 
better input-output equipment. 

The other problem, which we Will discuss first f is the problem of memory. 
Its importance was evident in the first computer, the EniSe, which had to 
use over 100 Sip-flops just to store a single 10-decimal-digit word,'It was 
obvious that a more economical type of memory would fee required if 
computers were to become practical 


v-v* 


The search for better storage methods has led to the development of 
several types of memories, using different principles of storage The four 
most important types are discussed on the following pages. 


THE SEARCH FOR BETTER MEMORy 


From FtlP-FLOPS 


To MAGNETIC CORES 
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The line is formed into a loop by having its output amplified and returned 
to the input crystal. In this way the same data is kept circulating through 
the mercury line as long as is necessary. 
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COMPUTER MEMORY 


Cathode-Ray Tubes ' « 

The persistency of the phosphorus coating, on the face of a cathode-ray 
tube provides a short-term memory. If a charge is placed on a small area 
of the screen* that charge is “remembered” for a short time until it teaks 
away. A computer using a cathode-ray tithe memory writes on the screen 
a pattern of binary charges representing data. This pattern of charges 
must be frequently rewritten so that it does not leak off. 


Reading data from cathode-ray tube storage involves the same technique 
as reading from magnetic cores. To read a bit, it is necessary to write a 0 
in that bit position. If there is no change in the total charge on the screen, 
the bit was already 0, If there is a change* the bit was 1. 


the pattern of charges on the 
face of the cathode-ray tube 




THE AUDIO .TAPE RECORC'EP 
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COMPUTER MEMORY 


records an audio signal 


to get a binary magnetic pattern on drum, disc ar tape 


The familiar principles of magnetic recording have been applied in com¬ 
puters for the storage of data. They are used in magnetic-tape units, drums, 
and discs. All of these forms of storage use magnetic read-write heads 
basically similar to those used in tape recorders. The recorded data, how¬ 
ever, is of binary bits. The heads only write and read pulses. Once written, 
the data may be read back any number of times. 
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Magnetic Cores 


Matrices of magnetic cores are frequently used as memories in modern 
computers. Such memories contain a very large number of very tiny cores. 
Each core can be magnetically saturated to either the 1 or the 0 polarity. 
Therefore each core can bold only one bit of data at a given time. The 
cores are often strung on wires and supported in frames in a pattern 
similar to the one shown in the illustration. 
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COMPUTER MEMORY 


DRUM 


Of the four types of storage the two magnetic types—drums and cores 
—have proved the moat practical. Drums and cores are the most frequently 
used types of memory in present-day machines. Cores are ideal for high¬ 
speed main memories and they are Used extensively in large computing 
systems. Drum memories, though not nearly as fast as cores, can be used 
for the storage of large quantities of data. Drum memories are excellent for 
small- and intermediate-size computers. ? 
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COMPUTER MEMORY 


Three Memory Speeds 

Sometimes large computing systems use both core and drum memories. In 
these cases the cores are used as the high-speed but low-capacity main 
memory/backed up by a lower-speed but much higher-capacity magnetic- 
drum memory, When this is done, data is brought into the main memory 
before it is actually used in computation. This is done because computation 
always involves a large number of one-word data transfers between the 
main memory and the arithmetic units; To achieve speed, the main memory 
must provide fast access to the desired word. 
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Transfers involving the intermediate-speed drum memory take longer, but 
fewer are needed than in high speed memories because data can be trans¬ 
ferred between the main memory and the intermediate-speed back-up 
memory in large blocks containing many words, The back-up memory is 
like a reserve unit just behind the front lines. 

The input-output unit is also a data memory, It is considerably slower than 
the other types because it involves intricate mechanical motion, like accel¬ 
erating a tape or moving a punched card past a reading station. However, 
it is of practically unlimited capacity, for more cards can be added, or reels 
of tape can easily be changed and stored. But input-output equipment in¬ 
volves a number of special considerations, which are surveyed in the last 
part of this course. 








COMPUTER MEMORY 


Tope Access 

In typical use, a computer is constantly storing data in the memory, or 
reading data or instructions from the memory. It is important, therefore, 
that the memory provide access to the desired word with minimum waste of 
time, regardless of where it is stored. The delay involved in finding the 
desired data is called access time. 
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Very fast access time is not possible with magnetic tape. The only part of 
the data that is available is the part that is immediately under a reading 
head. Anyone who has dealt With audio tape recorders knows that it is 
usually an awkward and time-consuming process to advance or rewind the 
tape to find a desired spot. Sometimes it is necessary to search through a 
tape like this in the input-output memory. But such delay is intolerable jti 
a computers* main memory. 

A tape is, so to speak, a very long, thin memory. The access time is so great 
because a single reading head must search through so great a length of tape. 
It is long also because the tape is normally at rest. It must he started and 
bfotight up to speed for data to he read. How, if the tape were cut into a 
number of short lengths, and each length were serviced by a separate head, 
the access time would not be nearly as long, because there would not be as 
much tape to search through. 
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COMPUTER MEMORY 


Drum Access 

The magnetic drum is an extension of this more-but-smaller type of reason¬ 
ing. It is by comparison a short, fat memory. It uses a large number of heads, 
but each one controls a small amount of data — as much as can fit around 
the periphery of the drum. Instead of a long, linear track, it is a lot of short, 
circular tracks. With a drum, there is no acceleration problem because a 
drum can be kept rotating constantly. 
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The faster the drum spins, the shorter the access time. This fact led to 
efforts to develop ultra-fast drums. Most practical drums in use today, 
however> fall short of 10,000 revolutions per minute (rpm), and the most 
popular speed is 3600 rpm. 

Consider the access time of a 3600~rpm drum memory. Once written, data 
comes under the reading head 3600 times every minute, or 60 times every 
second. It is never necessary to wait longer than one drum rotation, or 
about 17 milliseconds (.017 second), to have access to any desired bit of 
data, even if it has just passed by the head. The. average access time 
(equivalent to one-half of a drum rotation) is about 8.5 milliseconds (.008$ 
second). This is slow compared to speeds which are possible with elec¬ 
tronic circuits But such drums often serve as the main memory in small- 
size computers, and as the back-up memory in larger systems, 
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COMPUTER MEMORY 


Two-Headed Loops 

Once 0 bit of data has been written on the surface of the drum as it spins 
past the head, that data is not available again until the drum has completed 
a full rotation. Like catching the brass ring from a carousel, you get only 
one chance each time around. Sometimes that is too long to wait. 
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In most systems several words can be stored around a single drum track. 
It takes a number of word-times to complete one rotation. Each track 
therefore is a multi-word register. This type of storage can he used in the 
main memory for storing data, Rut it can not be used for the working 
registers which hold the data while it is directly involved in computation. 
The working registers must normally be one word in length. 

It is possible, however, to use only part of a track to make a shorter register. 
This requires the use of two heads. Take the simple example of a drum 
capable of storing 10 words around a track, One word would use only 
l/10th of the track. It is possible to use such a track as a one-word register 
if two heads are used which are spaced 1/lOth of a rotation (36°) apart. 
One of the heads is used only for writing and the other only for reading. 
The output of the read head is fed directly back to the write head, so that 
the whole unit forms a loop. 


THE TWO-HEADED LOOP 
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Twc>He<xd<xi Loop* (contcL) 

The first head writes the word of data, bit by bit, onto the track. One word- 
time after it is written, each bit is read back by the read head. As each bit 
is read, it is sent back to the write head and rewritten on the new part of 
the track coming under the write head. 


With this system, 1/lOth of the track — but a constantly changing tenth — 
is used as part of the loop. A word of data can be kept circulating around 
and around this loop for an indefinite length of time. A two-headed track 
like this, with separate heads for reading and writing, is sometimes called 
a loop, or revolver. 
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MAGNETIC RECORDING 


Fundamentals of Magnetic Recording 

Although magnetic reading and writing involves a host of engineering 
problems, the basic principles are very simple. They can be explained in 
terms of a few Fundamental principles of electromagnetism. 
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Current Flow Produces Mo.gneti-c Field 


When a current passes through a coil of 'wire, a magnetic field is produced 
around the coll. The strength of ihe field is dependent upon the current and 
the number of turns, "the direction of polarity of the field is determined 
by the direction of the current. By reversing the direction of the current 
in the winding, it is possible to reverse the polarity of the field. 

Magnetic writing circuits in computers deal With pulses. They provide a 
heavy pulse of current in one direction to write: a iy and a heavy pulse in the 
opposite direction to write a 0. 
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MAGNETIC RECORDING 


The Magnetic Hoad 

The magnetic recording head is just another application of the magnetic'-’ 
principles. In the read-write head, the coil is wrapped around a core that is 
made of magnetic material. The core provides an easy path for flux so that 
all. of the flux generated by the coil travels through the core. This core is 
shaped like a loop and forms an efficient magnetic circuit 
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The loop formed by the core is not cornplete At one point; there is a 
small gap, usually on the order of l/l(Kjdth (.001) of an inch wide. At this 
point, the flux must bridge the gap by flowing through the air. 

This gap is very close to the surface of the spinning magnetic drum. Some 
of the flux bridging the gap links with the drum and flows through the thin 
magnetic coating on its surface. 

Often the gap in the core is filled with s shim (washer) of some material 
through which magnetic flux does not readily flow. In this case the flux, 
unable to Sow through the shim, is forced to bridge out around it in the 
direction of the drum. This encourages a large part of the flux to link with 
the magnetic coating on the drum in the vicinity of the gap. 





MAGNETIC RECORDING 


Magnetic Pattern on the Drum 

The thin magnetic coating on the surface of the drum is a material of high 
retentivity. Thus, the majority of the magnetism remains after the current 
that generated it has stopped. This leaves a small magnet on the surface of 
the drum. 

It is desirable to saturate a small, well-defined area of drum surface directly 
under the gap in the head,'.Practically,'however, the flux on the drum, al¬ 
though it is strongest immediately under the gap, tends to spread out 
considerably on either side of the gap. The typical distribution of flux on 
the surface of the drum is indicated by the bell-shaped curve. 
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The amount of spreading depends on the magnetic material on the drum, 
the thickness of this material, the width of the gap between head and drum, 
and the geometry of the head itself. The amount of this spreading limits 
the density with which pulses can fee packed onto drum or tape. The most 
popular pulse density in present systems is about 80 pulses per inch. Some 
tape systems use considerably higher densities. 
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Review of Writing 
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The same head is often used for writing the pulse and for reading it back. 
In the writing process, a current is applied to the winding to generate 
flux in the core. The flux flows through the core except at the gap, where 
it jumps to the magnetic coating on the drum, flows for a short distance 
through that coating, and jumps back to the core on the other side of the 
gap. This creates a small magnet on the surface of the drum. 
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MAGNETIC RECORDING 


The redding process is the reverse of this. During reading, no writing 
current is applied to the winding. But as a small magnet on the drum sur¬ 
face passes by the head, it links once mors with the head. The core provides 
a good magnetic circuit and a small amount of flux passes through it. This 
flux in turn generates a small voltage across the winding. 
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MAGNETIC RECORDING 


The Read-Back Signal 

The head, during a reading process, may be considered as a small generator, 
for the basic principle involved is the same: when lines of flux cut across 
the coil, they generate a voltage across it. This voltage is generated only 
vrften the magnetic field is building up or collapsing. Therefore, we can 
expect to see on the output of the read head a signal representing the 
change of magnetic condition on the drum passing underneath the- gap. 
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THE READ-RACK SIGNAL 


In the most popular magnetic recording technique, a pulse of magnetism on 
the drum is used to represent a 1. This pulse starts at 0 or base saturation, 
goes up to the 1 saturation condition, and then returns to 0 saturation. 

The amplitude of the read-back signal depends upon the rate of change of 
flux. Therefore the peaks of the read-bacfc signal will correspond to the 
steepest part of the flux-distribution curve. This is a typical read-back 
signal that might be seen at the read head whenever a pulse representing 
a 1 passes under the head. In the system described, there is no pulse to rep¬ 
resent a 0, because there is no flux change at that time — the drum remains 
saturated to the 0 level. 
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READING AND WRITING 



Ths Writ© Amplifier 

Wherever magnetic memory is used, whether on tape, disc, or drum, two 
special-purpose circuits are required: the write amplifier, and the read 
amplifier. The job of the write amplifier is to generate the heavy pulses of 
current, necessary to write on the drum. It is a power amplifier which 
accepts a pulse train of data on its input and generates the bursts of current 
which flow directly through the write-head winding. 


The tubes drive to opposite sides of the windings so that the current flow 
caused by one is in the opposite direction to the flow caused by the Other. 
One or the other of these tubes, but not both , is selected to write each bit 
at any given time. 
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THE DRUM READ-WRITE CIRCUIT 


HEADING AND WRITING 


The read amplifier is a high-gain voltage device whose job is to accept the 
low-level read-back signals from the heads and to amplify and shape them 
into a pulse tram of normal amplitude as used throughout the computer, 
The read amplifier is one of the only circuits used in computers whose pri¬ 
mary job is to provide voltage amplification . It is one of the few class-A 
amplifiers used in the computer. 

The read amplifier generally consists of two or three stages with age or 
degenerative feedback to stabilize the gain over the life of the tubes. Shield¬ 
ing is often required on the low-level signal leads to prevent noise pickup, 
and to maintain a reasonable signal-to-noise ratio. Small noise pulses, which 
would not be objectionable on the ordinary signal lines in a computer, 
might be mistaken for signal pulses in read amplifier lines where the normal 
signal is often only a fraction of a volt. 
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If the same head is used for both reading and writing (as is commonly the 
case) both the read and the write amplifier have to be tied together at the 
common head. Bear in mind that reading and writing never occur simul¬ 
taneously where a common head is used, At any given time, only one or the 
other of the amplifiers is in use- 

A transformer isolates the two circuits. The primary is connected directly 
across the head. The secondary feeds the grid of the first stage of the read 
amplifier. 

At the time of reading, the write amplifier tubes are cut off, and do not 
affect the circuit. The read amplifier is still connected across the head. The 
writing pulses overdrive the read amplifier and cause it to produce an out¬ 
put. This is trivial however, because at the time of writing the read-ampli¬ 
fier output is never sampled. 




READING AND WRITING 


Relay Head Switching 

The main memory of many computers consists normally of a number of 
channels on a magnetic drum. In this case, it is not necessary to use a 
separate read and write amplifier for each channel. In the typical memory, 
only one channel at a time is used for reading or writing. One of the major 
economies of drum memories is that a common read and write amplifier can 
be used for a large number of drum channels. 


This requires, of course, a switching network to connect the selected head 
with the read or the write amplifier. In the case of a drum memory, part of 
the work of the address selector is to select the track on which the desired 
word is located. 

This same economy can sometimes be realized when a number of tape-trans¬ 
port units are being used for input and output, If we never write on mqre 
than one at a time, not read from more than one at a time, it is possible to 
use common read and write amplifiers to serve them all. 
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READING AND WRITING 


Relay Head Switching (contdJ 

There are two basic methods of switching between the common read and 
write amplifiers and a number of magnetic heads. In one method the switch¬ 
ing network is located between the amplifiers and the heads. The read and 
write amplifiers are connected only to the head which is actually being 
used. All other heads are switched out of the circuit at that time. 


The switching can be accomplished by conventional relay networks. Typi¬ 
cally, relays with mercury-wetted contacts are used. This type of relay is 
popular because of the low resistance of its contacts and because of its high 
speed of operation. In some drum systems, there is not sufficient time avail¬ 
able to use relays for this sw>tchihg. |f, the time is critical, electronic 
switching can be used. 

When accomplished by this mefchod v >v bead is selected by pulling in the 
proper relay or combination of relays to connect that head with the read 
and write amplifiers. Pulling in these relays is the work of the address 
selector circuits. 
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READING AND WRITING 


Biased-Diode Hand Switching 

In the second and more common method of head switching, all the heads 
are connected in parallel. The read amplifier and write amplifier are con¬ 
nected to the bank of parallel heads at all times. 

A biasing voltage applied to the center tap by the address-selector circuits 
controls each head. Only one of the heads is biased on by a permissive 
voltage. The other heads are biased off by an inhibitory voltage. . 


Reed Amplifier 


Whenever all of the heads are tied in parallel like this it is necessary to 
use diodes on either side of the heads. The diodes are necessary because : 

First in a parallel array, there is the possibility of sneak circuits through a 
nonselected head. With the diodes arranged as shown, it is impossible to 
get a sneak circuit that does not go through the back resistance of at least 
one diode. 

Second, the diodes are needed f or head selection. The voltagesapplied by 
the address-selector switching networks (relays are used in our example) 
are so selected that all of the centertaps are connected to a lower voltage 
—except one which is connected to a higher-permissive B-f- voltage. The 
voltage on the centeftap is applied to the plates of the diodes. The diodes 
on the selected head conduct and establish the high-voltage level on the 
cathodes of all other diodes. All nonselected diodes have plates negative 
With respect to cathode. They present a high impedance to current How, 
and the associated heads are effectively bufferred out of the circuit. 





READING AND WRITING 


Biased-Diode Hood Switching (canid.) 

The same diode* used for writing are use to select a reading head. During 
reading* both writ* amplifiers are cut off. Data is being read by all heads. 
But all heads except one ace biased Off. Their signals are separated from 
the primary of the transformer by the back impedance of the diodes. The 
diodes in the selected head are biased on, and therefore this head is effec¬ 
tively directly across the primary of the isolation transformer. 


DATA 


OUTPUT 


The point of bias in this case is critical, because the readback pulses are 
so small. The diodes are biased by a small steady-state current flawing 
through them, to the point at which they present the lowest dynamic im¬ 
pedance to the small signals being picked Up across the head. These signals 
therefore are transformed directly to the primary of the isolation trans¬ 
former. \’ „ 

The small resistor^ which has one end tied to the center of the transformer 
primary and the other end terminated at a negative voltage, establishes a 
balanced output across the isolation transformer for the drum read-out 
signals. 
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When the active address (which is constantly changing as the drum ro¬ 
tates) and the specified address (which is held statically hy the control 
circuits) agree, the comparator produces a coincidence signal to start the 
reading or writing process. 

There are two commonly used methods of keeping track of the active 
address on the drum. One method is to read the address directly from the 
drum. In this case the address is written onto a special address track on 
the drum itself and it is read back as is any other data. It provides a con¬ 
tinuous indication of the position o£ the drum. 


Th© Address Comparator Assures the 


Selection of the Correct word for Drum Reading 


Time Selection - . - - - . - 

Tbe typical drum memory contains a number of tracks, with a number of 
words on each track. In such memories, tire job of address selection is two¬ 
fold: a head-switching network must select the proper track, and the proper 
word must be chosen from the,multiword track. The second job is a matter 
of time selection—of waiting for the proper word-time, that is, when the 
selected word is coming under the head,, before starting the reading or 
writing process. 

To do this, it is necessary to keep track of the position of the drum, so 
that we always know what word is coming under the head. If we know 
the active address coming under the read head, we can compare it with 
the desired address as specified by the control circuits in a comparator. 
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Begin at the Specified Word-time 


READING AND WRITING 


Time Selection (contd.) 

A second method of time selection uses a counter to keep track of the poki- 
tion of the drum. This is usually a constantly operating counter that is 
advanced Once every word time. Its base or modulo is equal to the number 
of words stored around a track on the drum. In the case of the simple 
10-word drum memory explained before, a constantly changing modulo-10 
counter could be used as word-time counter. The counter is at 0 when 
word 0 is coming under the head. 
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COINCIDENCE SIONAL 
Start Reading 


The address selector needs some advance warning of the words coming 
under the heads, so that it can start the reading or writing process at the 
very beginning of the selected word. For this reason, the address track or 
address counter normally tells the address of the next word coming under 
the head. With this advance warning, the control circuits can generate a 
one-word-long signal, starting at the time of the following word pulse, to 
control the transfer into or out of the memory. 
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READING AND WRITING 


Magnstic-Cofe Momoti®* 

Magnetic-core memories offer all the advantages of magnetism without 
the disadvantages of drums. Like drums, they are a permanent or non¬ 
volatile memory—H3ne that is not lost if power is turned off or accidentally 
lost. But they do not rely upon physical motion, as a drum must, there¬ 
fore they do not wear out and, even more important, they do not involve 
an access delay. There is no need to wait for the desired data to come under 
a read head. Every bit of data is stored in a small separate magnetic core, 
ready to read or write. 


This speed is one of the most important advantages of a magnetic core 
memory, It is as If all the magnets recorded around the periphery of a 
magnetic drum could be reached immediately, without waiting until they 
come under the read head. 
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READING AND WRITING 


Principles of Coincddaai Currents 

We have already considered the basic nature of the magnetic core. It is a 
tiny ring of magnetic material that can be saturated to either one of two 
conditions by a pulse o£ current through a winding wrapped around it. 
To understand coincident-current magnetic core memories, it is necessary 
to add one simple principle to those already considered. 
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Square-loop magnetic cores are binary in nature, as the hysteresis loop in* 
dicates. They remain at one or the other saturation level. When a current 
pulse switches them, they go rapidly Item one level to the other. A pulse 
of applied current has very little effectuntil it passes the knee or switch¬ 
ing point. Beyond that point, it switches the core to opposite saturation, 
To switch a core, then, it. is necessary to have a pulse of a certain strength, 
If we apply a pulse of half this strength to the core, the core will not 
switch. In fact, a half-strength pulse causes very little change in flux in 
the Core, because it is characteristic of a square-loop material to remain 
very near its remanent state of flux until the driving current passes the 
switching point. The pulse of half-current, then, can be applied to any 
core without disturbing it significantly. The core will return to substan¬ 
tially the same remanent state that it was in before the pulse was applied. 
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The core with two half-current inputs is essentially an AND-element. It 
requires that half-current be applied to both windings to switch the core 
and produce an output. Half-eurrertt applied to either winding without 
the help of the other has no appreciable effect upon the core. 


COINCIDENT CURRENTS SWITCHING THE CORE 


READING AND WRITING 
Principles of Coincident Currents (conicL) 

IF two half-current pulses are applied simultaneously to a core in the same 
direction, they will switch the core. It does not matter that they come 
From different; drivers and are applied to different core windings. If they 
are applied in the same direction their effect is additive and is sufficient 
to switch the core. 

All of the other principles of cores covered earlier in the course apply to 
memory cores also. If two half-current pulses are applied in one direction, 
they set the core to 1, If two half-current pulses are applied in the op¬ 
posite direction, they clear the core to 0, 






READING AND WRITING 


A Coincident-Current Matrix 


HALF 
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A coincident-current magnetic-core memory is one that depends upon the 
coincidence of two half-currents to write data into or read data out of 
cores. The cores are arranged in the form of a matrix as indicated in the 
simple three-by-four matrix shown. This simple matrix can store 12 bits 
of data, one bit in each core. Suppose that we want to write a bit into core 
1-2. This can be done by applying a half-current pulse, to row 1 and another 
to column 2, All cores in row 1 and column 2 have half-current applied to 
them. This is trivial however, because it is not sufficient to switch the 
cores. Only core 1-2, at the intersection of . the selected row and column, 
has a half-current, pulse applied to both input windings, This core switches. 
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Bonding Out of the Memory 

In reading out the magnetic cores, we have the same difficulties previously 
described in Volume II. To sense the condition of a core for read-out it is 
necessary to clear the core to 0. This is done by applying the two half- 
currents in the 0 direction. There is an output winding on each core to 
sense a change in its condition. K the core is set to 1, it switches to 0, 
and the resultant change of flux generates a signal on the output winding. 
If the core is already at 0, there is no change of flux and no output signal. 
All of the outputs are connected together so that an output signal always 
occurs on the common output line, regardless of which core is cleared to 0. 
The output winding is the sense winding discussed in Volume II, 
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The read-out process is destructive. After the data has been read out, the 
memory cores that it came from are cleared to 0 and no longer hold a 
record of that, data. Normally, the output data is held in temporary storage, 
then immediately rewritten back into the core matrix, while the address 
selection system is still up to select the appropriate drivers. 
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READING AND WRITING 



Making the Frame* 

Since one magnetic core can only hold one bit of data, one can expect to 
find a tremendous number of cores in the main memory of a computet. 
Most larger computer systems require high-speed memories of 2,000 words 
or more. But the average word contains over 50 bits. Therefore coincident- 
current core memories with upwards of 100,000 cores are not uncommon. 


Fewer Turns And 
Heavier Current 
Result In Compact 
Fast-Switching 
Memory Core 


Nevertheless, the space taken up by the cores in most memories is not very 
large. This is because the cores are so very tiny, often measuring only a 
few hundredths of an inch itt diameter. Small cores are desirable because 
they switch faster, and speed of operation is very important in a main 
memory. Small cores also require less magnetizing force to change their 
condition. 

It would be an almost impossible job to wrap coils of wire around hun¬ 
dreds of thousands of closed cores. Indeed, the cores that are being used 
are so small that there is no room to accommodate windings. Fortunately, 
this is not necessary. The magnetizing force operating on a core is pro-, 
portions! to the number of turns and to the current through the winding. 
It is possible then to decrease the number of turns if the current is In¬ 
creased. In core matrices, in fact, the number of turns is reduced to less 
than one. The driving wire is not wrapped around the Core at all. It simply 
passes through the core once. But the wire carries a heavy pulse of current 
to make up for the lack of turns. 

The tiny cores require only a small amount of magnetizing force to switch 
them. It is possible to produce this amount of magnetizing force by a 
heavy pulse of current on two wires both of which merely pass through 
the center of the core. 
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Core matjrlcesy, tljen, are not wound but fatb?f threaded on a frame as 
shown. In this way, a large number of cores can be neatly packaged on one 
frame. The cores are held in place by the driving wires passing through 
them. The wire weaving back and forth through the cores on the diagonals 
is the output or sensing wire. This also is not wound, but simply threaded 
through the cores. Therefore the signals that it picks up when a core 
switches is a very small one. The signal on this output wire is applied to 
a sense amplifier, which brings it up to the level required for use through^ 
but the computer. A typical core memory would contain a number of frames 
such as this. 










































READING AND WRITING 


Parallel Operation 

Remember that we typically want to read or write a lull word* containing 
many bits. In a core roatrin, therefore, We must select several cores—one 
for each bit in the word, A core matrix lends itself to parallel operation. 
In the simplest case, several frames or matrices are used, one for each bit 
in the word. The coincident-current drivers drive all frames in parallel. 
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When a pulse occurs on two driver lines, they select the same core posi¬ 
tion in each of the several frames. Each of the frames has a separate 
sensing of output winding. In the. reading process therefore, when two 
selected drivers are pulsed, there is an output from each frame that held 
a 1 in the selected core. All of these outputs occur simultaneously on 
separate lines and represent a parallel output of the selected word from 
the memory. If a serial output is desired it is typically obtained in two 
steps: First, read out of the memory in parallel and transfer the data into 
a special register, like a magnetic shift register. Second, transfer the data 
out of the register in serial form. 
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READING AND WRITING 


Writing In 

The process of transfering a word into a core memory is slightly more 
complex. For output or for clearing, all of the selected cotes are switched 
to 0 by the drivers. The input process is more selective, for a code com¬ 
bination must be written into the cores. Only the cores that are to hold 
l’s are switched to the 1 condition. The other cores must remain in the 
0 condition. It is presumed here that all cores have been cleared to 0 in 
advance, to clear out the former contents of the memory location. 
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NO INHIBIT PULSE 


The X and Y drivers cannot distinguish between O's and Ts. They attempt 
to drive all selected cores to 1. Some other method of entering the code is 
necessary so that only those frames which should contain a 1 are actually 
switched. This requires a separate winding on each frame to inhibit those 
frames which should contain. O’s, and to allow switching only in those 
frames which should contain J r s, according to the incoming data. This 
inhibit winding is threaded through all cores on the frame. 
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The Inhibit Drivers 

The inhibit driver is the normal meads of data input into the memory. 
The X and Y drivers are used for address selection. They select one core 
in each frame and attempt to drive all selected cores to 0 (for read-out) or 1 
(for write-in) without reference to the data being written. The data word 
during read in pulses the proper combination of inhibit drivers. If the 
inhibit driver is not pulsed, the X and Y drivers switch the selected core 
in the associate frame to 1, 
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INHIBIT 


When an inhibit driver is selected, it applies a half-current pulse through 
all cores On the frame it serves. This pulse occurs at the same time as the 
X and Y pulses, but it is in the opposite direction. It tends to cancel out 
the selection of X and Y. 

With the inhibit pulse present, ft is impossible to switch any core in the 
entire matrix to 1. The selected core has applied to it two half-currents 
in the 1 direction and one half-current in the 0 direction. The net affect 
on the core is one half-current in the 1 direction, which is not sufficient 
to switch it. 
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READING AND WRITING 


Magnetic Switches 

Typically, a core matrix contains a large number of X and Y lines. There¬ 
fore it requires a large number of X and Y drivers, if one driver is used 
for each line. These drivers, moreover, must be precision current drivers, 
with close tolerance upon the amplitude, duration, and the rise and fall 
times of their outputs. Otherwise a coincident current matrix will not 
operate properly. 

It is desirable, of course, to reduce the number of drivers. This can be 
done by driving the X and Y lines through other core matrices. This kind 
of matrix is sometimes known as a magnetic switch. 



Address Selection in Core Memories 


The matrix is essentially a decoder made out of small core transformers. 
It is a decoder because it provides single descrete outputs for a combina¬ 
tion of two inputs. Its most important advantage is that it has more out¬ 
puts than inputs. In the simple example shown, we obtain 16 outputs by 
using 8 drivers. As the switch matrices become larger, the savings in 
drivers is proportionally greater. 

This matrix sometimes uses slightly different principles from the coin¬ 
cident-current memory, and it is made of considerably larger cores. Fre¬ 
quently tape-wound bobbin-type cores are used. Several turns of wire are 
required because the output winding from this matrix must be a carefully 
controlled current pulse powerful enough to drive the X or Y lines. In 
typical large-scale memories, this is in the order of 0.25-0.5 ampere. 






REVIEW 


In the drum-writing process, a 
surge of current is applied to the 
winding of the record head, which 
is a small magnet. A magnetic flux 
pattern produced in the head jumps 
the head gap and is impressed on 
the surface of the rotating drum. 
The magnetic flux is retained on 
the surface of the drum after the 
data write-pulse has passed. The 
flux patterns written on the drum 
represent computer data. 


f:*■<!' i)y*v 


In biased-diode head switching, all 
the heads are connected in parallel. 
A biasing voltage applied to a center 
tap by the address selector circuits 
controls each head. Only one of the 
heads is biased on by a permissive 
voltage at any given time. All of the 
Other heads are biased off by an In¬ 
hibitory voltage. The two reasons for 
diodes in biased-diode head switching 
are (1) to minimize the chance of 
pulses sneaking through a non- 
selected head, and (2) to select the 
head. Signals develop over the low 
forward resistance of biased on diodes. 




One method of word-time selection 
on a rotating drum is to use a 
counter in keeping track of the 
drum positron. This is usually a 
constantly operating counter that is 
advanced once every word-time. 
The base of this counter is equal to 
the maximum number of words that 
can be stored around the track. In 
a 10-word drum track, the counter 
is at 0 when the first word is com¬ 
ing under the head. To provide a 
warning that, words are approaching 
the drum head, and so that reading 
or writing can begin coincidentally 
with the selected word-time, the 
address track or counter contains 
the address of the next approaching 
word. 
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TIMING PULSES 


Computer Tim# 

Time is a very important commodity in digital computer systems. Most 
systems must operate like clockwork. Every transfer, test addition, or carry 
must occur precisely on time, and must fit into a carefully detailed schedule. 
Tirae in a digital computer is sometimes difficult to handle because it is 
broken down into such small portions. In a typical system, the common 
unit of time is the microsecond and often very small fractions of a micro¬ 
second are significant. 
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Digital Computer Gperotions 


Must Begin and End Precisely Or* Time 


In a typical computer, aconsiderable portion of the circuitry is used to 
generate and distribute timing pulses and to keep everything on schedule 
throughout the entire system. These circuits ate generally known as timing 
pulse circuits. We shall consider briefly timing pulse circuits along with 
some other machine operations that are best understood in terms of the 
computer time scale. 
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Basic timing pulses may be generated by a free-running multivibrator. 
More often they originate in a sine-wave oscillator which is crystal-con¬ 
trolled to keep the frequency stable. The oscillator is usually followed by 
some type of shaping circuit. The shaping circuit produces sharp pulses at 
the frequency determined by the sine wave from the oscillator. 


TIMING PULSES 


BASIC TIMING PULSES Establish the Fundamental Unit of time 


The Basic Timing Pukes 


Fundamental timing pulses establish the basic repetition rate of the com¬ 
puter. They divide time into small even units ,as shown. During each of these 
units of time, a single action can be performed or a single bit of informa¬ 
tion can be represented in the machine. As viewed on an oscilloscope, basic 
timing pulses are seen as continuous streams, of pulses at regular intervals, 
continuing as long as the computer is in operation. This is the first and 
fundamental division of time upon which the whole time scale of the com¬ 
puter is based. 
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TIMING PULSES 


Fully Parallel Operation 

In most systems the duration of a single basic timing pulse is equal to one 
bit time. But what happens in a computer during a bit tithe? We have seen 
that this depends very much upon the form of data representation used in 
a computer. 
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In a fully parallel machine (bit parallel, digit parallel), all of the bits of 
a full word may be transferred simultaneously, each over a separate trans¬ 
fer path. During a single bit time, then, a full word may be transferred in 
this type of machine. Here, a single pulse can represent not only a fait time 
but also a full word time. 
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TIMING PULSES 


Bit-Par aBal Digit-Serial Operation 

The bit-parallel digit-serial machine is somewhat more popular. In this type 
of computer drum there are as many parallel transfer paths as there are 
bits in a digit. In our example, five transfer paths are used. In a single 
bit time, a full digit is transferred with this type of machine. In the follow¬ 
ing bit time, another digit may be transferred. Therefore, in this system, 
the basic pulse period represents not only a bit time, but also a digit time. 
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TIMING PULSES 


Full? Serial Operation 

In « fully serial machine (bit-serial, digit-serial), the whole word must be 
transferred along a single transfer path. The bits are not separated by 
occurring on different lines; they are separated only by their time of 
occurrence. They are transferred, not at the same time along different lines, 
but along the same line at different times. A separate bit time is assigned 
for each binary bit. In this systetn. the basic timing pulse represents Only 
a bit time, for only one bit can be transferred in a pulse time. To read s 
digit. It is necessary to start at the proper pulse time and read a number 
of bits sequentially. 
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We shall now consider a fully serial machine because it best illustrates 
the fundamental timing principles and techniques, many of which are used 
in both serial and parallel machines. 
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Reading Data cm an Oscilloscope 

Let us take the simple computer word that we have used in our example of 
fully serial operation and see what it would look like on a scope. This same 
word will be used in illustrations on the next few pages. It uses five bits 
per digit (four numerical bits and a parity bit) and six serial digits per 
word (five numerical digits plus sign digit). A more typical computer word 
would contain 10 or 12 digits, but this simpler word shows timing principles. 
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hundred thousands 
tan thousands 
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ON AN OSCILLOSCOPE, 
THE MOST SIGNIFICANT 
{NOTTS ARE ON THE 


The least significant digits of the word are on the left. The sweep of a 
scope is from left to right, therefore the earlier pulses are on the left, the 
later pulses on the right. In computer data words, the less significant pulses 
come first, and therefore are on the left, while the more significant digits 
fall farther to the right. We are accustomed to reading numbers the other 
way around, and it takes a little effort to become accustomed to reading 
numbers backwards on a scope* We must always find the least significant 
digit first, because basic arithmetic processes such as addition start from 
the least significant digit and work towards the more significant digits. 
This is so because the carry generated in any column must be added into 
the next more significant column. 

A scope with good high-frequency response is generally required to dis¬ 
play faithfully the sharp rise-time and fall-time commonly required in 
computer pulses. 



TIMING PULSES 


Time Scale 

Here we see what sort of timing pulses would be required in a fully serial 
machine using our sample word. Recall that five bits are required for each 
decimal digit, and six digits for each word. The illustration shows some 
of the timing pulses that would be required to interpret a word like this. 
The pulse train on line two of the timing chart is meaningless by itself. 


A SIMPLE SERIAL COMPUTER TIME SCALE 
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Sense can be made out of this series of pulses only when they are viewed 
in conjunction with the other pulses on the chart. The time scale indicates 
that this series of pulses is a meaningful computer word because the time 
scale marks the beginning and the end of each word. It also divides the 
train of data pulses into groups, each of which represents a single decimal 
digit. 
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TIMING PULSES 


Derived timing Pulses 

To establish the time scale, additional pulses, derived from the basic timing 
pulses, are required. Chief among these are the digit pulses and word pulses, 
as shown on the chart. The digit pulses divide the basic timing pulses up 
into groups such that each group represents one digit. In our example then 
there is one digit pulse for each group of five bit pulses. 
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The time between adjacent digit pulses is a digit time . The first bit time 
within a digit time has a maximum weight of 1, as in our example. The 
second bit position has a maximum weight of 2; the third, of 4 : the fourth, 
of 8 ; and the fifth is a parity bit. 

In a similar way the word pulses divide the digit pulses into groups such 
that each group represents a word. In out simple word, there are 6 digit 
times between adjacent word pulses. We have- called them digit time 0 to 
digit time 5. In this example, we know that the digit time immediately 
following a Word pulse is the sign time. The next digit time produces the 
least significant digit. The digit time immediately preceding a word pulse 
produces the most significant digit. 
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TIMING PULSES 


Static Timing Signals 

Bit pulses, digit pulses, and word pulses are sufficient to establish the basic 
time scale. But there are other timing signals which the timing circuits 
will be called upon to provide. One of the most common of these is a static 
signal lasting one word time ate shown on line two. Notice that this signal 
precisely marks off the time of passing of one word, for it begins at the 
time of a word pulse, lasts for just one word time and ends at the time 
of the following word pulse. 
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Many o£ the operations of a digital computer are performed by means of 
data transfers. Usually they are transfers of one word of data. The illus¬ 
tration also shows some other signals that a typical timing pulse circuit 
might be required to generate. These are only a few of the many. 
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Static Timing Signals (could.) 

Data could be controlled by a signal of the type shown on line b. For ex¬ 
ample, an add instruction involves the transfer of one word of data through 
an adder^ A one word-time signal would be required to control the transfer 
gate. 

Sometimes it is desirable to transfer not a full word but only one digit 
out of a word. To compare the signs of two numbers for instance, it would 
be necessary to isolate each sign digit from the remainder of the word to 
transfer it to the sign comparator. This could be done by a digit-long 
signal such as that shown on line d« This is a static signal that begins at 
the time of each word pulse and ends at the time of the following digit 
pulse. It sets apart the digit-time containing the sign, from the remainder 
of the word, which contains the numerical digits. 
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The inverse of this signal on line f (which could be obtained from the same 
flip-flop) could be used if it were necessary to transfer the numerical digits 
only and not the sign. This might he the case at the input to an adder 
Circuit. 
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Labeling Individual Pulse Times 
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Sometimes it is desirable to name individual pulse»times or digit-times 
within the word. Against the background of time scale, two common ways 
of doing this are shown. Again, we are using our simple 30-bit word. The 
study of these two methods might serve as a good review of what we have 
learned about bit and digit timing. Notice that one of the systems numbers 
the 30 bits consecutively from tO to iZ9, with tO occurring at the time of the 
word pulse. The other system breaks down the word into six digit times 
by numbering each digit pulse. Each of these digit times contains, in our 
example word, 5 bits. The bits are numbered from tO to t4, with the next 
digit starting out again at to. 













TIMING PULSES 


Generating Digit and Word Pulses 

The time scale can give us an Indication of how the digit and word pulses 
might be generated. Ofeviousiy, they arg a. function of the basic bit pulsesr 
Every 5th bit pulse is a digit pulse; Every 30tb bit pulse is a word pulse. 

One way that the pulses could be derived is to use a base«3p ring counter. 
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A more common way of doing this would be to use a base-S ring counter 
to count the bits in a digit Such a counter would produce a carry for each 
5th bit. This carry would represent digit pulses. This process is often called 
counting down bit pulses to generate digit pulses. 

The digit pulses can in turn be applied to a base-6 counter to count down 
the digit pulses. This counter would produce a word pulse for every 6th 
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Generating Static Tima Signals 
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Such a counter would provide only pulses as outputs. If we require digit¬ 
time signals that remain high throughout a digit-time or longer, they would 
have to be generated in a unit that provides a continuous output, like a 
flip-flop or ping-pong. We see how a digit-time 5 signal might be obtained 
from a flip-flop that is set by a digit-tithe 5 pulse and reset by a word pulse. 
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Counting Digit Pulse?, with c Delay Line 

The relationship of hit pulses and digit pulses could be established by a 
delay line as well as a counter. This would be particularly useful for higher- 
frequency pulses where the length of the delay lines would not be exces¬ 
sive. The illustration shows how a delay line might be used to generate digit 
pulses in the simple time scale we have described. 

A single pulse is traveling through a delay line that is five pulse-times long. 
The signal is tapped after each time to get the signals tO to t4. 


The delay line is made into a loop or ring just as the core counter was 
made into a ring counter, so that it will provide its outputs over and over 
again every five pulse-times. In the delay line, the ring is formed by taking 
the output, amplifying it, and sending it back to the input where the pulse 
starts its trip through the delay line once again. As in the core counter, 
each pf the pulses occurs once every digit time. Therefore, any one of them 
may be used as a source of digit pulses. ■ 

The operation of counters and delay lines is similar in cases like this where 
the input to the counter is a continuous series of pulses at constant fre¬ 
quency, and the ability of the counter to accept inputs at random timing 
is not being used. Delay lines, however, do not have as much flexibility as 
counters. We could not, in the case above, for instance, use a second delay 
line to generate word pulses from the output of the first, as we did with 
a two-stage counter. 

Delay lines are frequently used to establish a series of precise pulses 
following the pulse initially applied to the line. 
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TIMING PULSES 


Magnetic Drum Timing Pulses 

Consider the relationship of the timing pulses to the memory. The timing 
pulses establish the time scale to which everything throughout the com¬ 
puter is synchronized, including the memory. The time scale is used to form 
a group of pulses into a word. It enables the word to be stored in the 
memory in the proper form, with the least significant digit first, most sig¬ 
nificant digit last, and all of the other bits in proper sequence. When data 
is read back out of the memory, it must be read with reference to the same 
time scale, or it does not make sense. 
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There is no difficulty with magnetic core memories, for they are static. 
Each bit of data is held statically in its own separate memory core. Typi¬ 
cally, the data word is transferred in parallel, but to read it out in serial 
form, it is necessary only to sample the proper sequence of cores with the 
proper timing pulse. 

A drum is different. A drum memory is dynamic; it is always rotating* 
bringing a constantly changing train of pulses under the read-bead. The 
drum has a speed of its own, which depends upon the motor that is driving 
it. Any slight change in the speed of rotation causes a small change in the 
frequency of the pulses passing under the read-head; The drum, therefore, 
must have a time scale of its own. 





IF THE TIME SCALE AND THE DRUM SPEED ARE NOT SYNCHRONIZED 


THE DRUM SPEED OR OSCILLATOR FREQUENCY DRIFTS 
CHANGING THE MEANING OF THE DATA 


ppm 


nnmin 




TIMING PULSES 


Magnetic Drum Timing Pulses (contcL) 

Suppose that we write, at the time o£ a word pulse, the first pulse in the 
least significant: digit of a word of data. This pulse representing the least 
significant bit of the word, is written on a certain spot on the surface of 
the drum. When this pulse is read back, it must be interpreted as the least 
significant bit, that is, it must occur once more at the time of the word pulse. 


The same spot on the drum then must pass under read-head at the time of 
the word pulse. This is true regardless of how much later the data is read 
back. This requires a perfect synchronism between the frequency of the 
timing pulses and the speed of rotation of the drum. 

This synchronism must be perfect, for if it were off even a very small 
amount in. each rotation, it would gradually drift farther and farther out 
of time. The loss of synchronization would be like a watch which lost only 
1 second a day. Over the course of a year, it would drift badly out of time 
if it were not reset or checked against a reliable time piece. 











TIMING PULSES 


Synchronizing the Dtubj Rotation 

Two ways to achieve this synchronism would be to control the speed of 
the drum with reference to the frequency of the timing pulses or to vary 
the frequency of the timing pulse oscillator according to the speed of the 
drum Either of these would be very difficult to achieve. 

There is one ingenious solution commonly Used for this problem. It f ollows 
the old maxim: “If you can’t beat them, join them.” The timing pulses are 
recorded directly on the surface of the drum, properly spaced around its 
periphery. Then the synchronism between the timing pulses and the drum 
is established once and for all. 

In this case, the timing pulses and the drum cannot drift separately. If the 
speed of the drum changes slightly, the frequency of the timing pulses 
must change with it. The two therefore drift together. If the drum is 
slightly faster, the frequency of the timing pulses is slightly higher. If the 
drum slows down a bit, the frequency of the timing pulses drops. The other 
units of the computing system must be designed to tolerate minor changes 
in speed and frequency. With ^ynchronism of drum and timing pulses guar¬ 
anteed, minor changes do not present, a severe problem, 
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The basic pulses are recorded all around the periphery of a basic timing 
track an the drum. In effect* they divide the drum into a large number of 
bins* each of which can hold one bit. Frequently, the digit and word pulses 
are recorded also on separate timing tracks. In the system illustrated, the 
word pulse is dependent upon the time when a pulse on the word timing 
track passes under a read head. If a pulse representing data is written on 
a date track at the instant of the word pulse, it must be read back at the 
same instant in the time scale, for it will not come back under its read-head 
until the word pulse is under the read head on the timing track. 
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Dynamic Registers 

A single two-headed drum loop is often used as a serial register. It is 
different From a core register in that the data is never static. It is con- 
tinuouslycirculating round and round the loop like a carousel. Each bit 
travels all the way around the loop and appears at one time or another in 
every part of it. 
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A drum loop which is used as an accumulator is shown. It shows the essen¬ 
tial parts of the register. Along with the storage register it includes an 
adder. When there is data on only one input to the adder and nothing on 
the other input, that data passes through the adder unchanged. It would 
be more accurate to say that 0 must be on the other input ; 0 in many com¬ 
puter eodes fe a definite pattern. of pulses, not just an absence of pulses. 
If two inputs are provided to the adder, their sum is formed on-its output. 
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This drawing shows three AATD-elements which are common in all loop 
type registers. They are the input gate, the output gate, and the clear or re 
circulate gate. 
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Dynamic Registers (contcU 

The output gate is usually located on the output of the read amplifier. 
When the control signal on this gate is high, it allows the data to be trans¬ 
ferred out of the register to another destination. The data, of course, also 
continues to circulate around the register at the time that it is read out. 

Normally, it is desirable tD maintain data in the register at the time that 
it is transferred to another location. Clearing data from a register typically 
takes place only when new data is being read into the register. The clear 
gate and input gate are therefore operated at the same time. The clear gate 
is an AND element in the main path of the circulating loop. As long as 
the control input to this gate is high, data continues to go around the loop. 
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When the control input drops low, the data cannot pass through the. AND- 
element and the loop is broken. If the loop remains broken long enough, 
the old data is cleared out of the register. Often, when the old data is being 
cleared out, new data is introduced by way of another AND-e lement, the 
input gate. 

This;register is an accumulator register because it contains an adder as 
well as a storage facility. Therefore it can be used for adding or subtract¬ 
ing. Adding occurs when new input data is read into the adder by way of 
the input gate, while at the same time the old data is allowed to recirculate 
through the dear gate. In this case, the new. and the old data are both ap¬ 
plied to the adder. The adder provides the sum on its output which becomes 
the new contents of the accumulator register. If a series of numbers are 
applied to the input of such 


register and the clear gate allows the old 
contents to recirculate, each new input number is added to the former con¬ 
tents of the register. Therefore the register will gradually accumulate the 
sum of the series of numbers applied to its input. 










REVIEW 


Sometimes it is desirable to name 
individual pulse times or digit 
times within a word. Using a simple 
30-bit word, we can either number 
the 30 bits consecutively from t 0 to 
t 29 with t a occurring at the time of 
the word pulse, or number each digit 
pulse and break the word down into 
digit times. When each digit time 
contains five bits, they are num¬ 
bered from t 0 to t 4 and the next 
digit starts again at %, 
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The timing- pulse circuitry estab¬ 
lishes the time scale to which 
everything in the computer is 
synchronized. There is no difficulty 
in relating the time scale to the 
computer core memory because this 
memory is static. The magnetic 
drum, however, is dynamic; it is 
always rotating and bringing a new 
train of pulses under the read head. 
The drum has a speed of its own 
which derives from its motor. Any 
slight change in the speed of rota¬ 
tion causes a change in the fre¬ 
quency of the pulses passing under 
the read head. The drum, therefore, 
has a time scale of its own. 
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A register is a storage unit with a 
capacity for a certain number of 
bits. Most of the registers in a 
typical machine are one-word regis¬ 
ters that store the number of bits 
required to make up a Word accord¬ 
ing to the code used, A magnetic 
shift register that stores a six-digit 
word is arranged in bit-parallel, 
digit-serial form. Each vertical 
group of five cores provides storage 
for a separate digit. The data in 
this register stays in position until 
a pulse is applied to the shift line, 
and advances each digit one digit 
position to the right. 
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COMPUTER TIME 


Point of Standard Timing 

Let us look at same of the timing problems that exist in a dynamic register. 

All of the data is continually circulating around the loop; it is like a shift 
register that, never stops shifting. At one instant the least significant 
digit is at the read-head; at the next instant it is further along on its/way 
around the loop. 

A dynamic register like this can be compared to a certain type of square 
dance in which the partners are rotating around a ring again and again. 


STANDARD TIMING IS LIKE A BARN DANCE 
WHERE EVERYONE FINISHES THE DANCE WITH HIS ORIGINAL PARTNER 



One starts with his own partner, and if everything goes well, hell be with 
her again at the end of the dance. In the meantime, she is circulating around 
the loop. So, when one stores a word of data in a dynamic register the data 
is stored with reference to the time scale of the machine. The sign occurs 
during the sign time, the least significant digit (LSD) is placed in the 
register during the LSD time* and the most significant digit (MSD) during 
the MSD time. All of the digits occur at the appropriate time. Everyone 
has his right partner. Every time the time scale goes through a one-word 
cycle, the data in the loop travels around the one-word register. 

Suppose that we wish to read the least significant digit out of the word 
stored in the loop. It might seem obvious that we could do this by sampling 
the output gate with a signal that was high during the least significant 
digit time. Or, if we wished to read the sign we could, do so by sampling 
the output gate with a signal that is high during the sign time. But this 
can only be true at one point around the loop, and this point we may call 
th e point &£ standard timing. 
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COMPUTER TIME 


Nonstandard Timing 

The input, output, and clear gates are ail shown at the point of standard 
timing (normally at the output of the read amplifier*) Time-wise, all three 
of these gates are at the same point in the loop, because there is no delay 
element between them. 

A second output gate is shown which is not at the point of standard timing. 
Time-wise, it is not at the same point in the loop, because it is separated 
at the point of standard time by a one-digit-long delay. A digit would not 
arrive at the second output gate until one digit time after it had passed 
by the first output gate. 

Standard timing is the point at which the data passing around the loop 
catches up with the time stale. The first pulse in a word passes by here 
just as the first timing pulse in a word time occurs. The pulse pO passes 
this point at tO, At any later time, the equivalent pulse will be passing by. 
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For instance, at tl6, the 16th bit in a word could be sampled here. The sign 
passes here during the sign time and the most significant digit during the 
MSD time, 

The same is not true for the other output gate at non-standard timing. 
The first pulse, pO, does not occur there at tO, This point is one digit (in 
our sample word, five pulse-times) from standard timing. The pulse pOj 
therefore would not reach this point until t5, If we sampled this output 
gate with a signal occurring during the LSD time we would not read out 
the least significant digit, which is back at the point of standard timing, 
at that time. We would read instead the next earlier digit, which happens 
to be the sign-time signal in this case. Similarly, if we sampled this output 
gate with a sign-time signal we would not read the sign, but the most 
significant digit. We get the wrong partner. This concept is difficult, but 
important. It would be worthwhile to spend some thought on it. 
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COMPUTER TIME 


Shifting 

There are some cases when we want to choose the wrong partner. This is 
the case in a shift operation where we want all of the digits to move down 
one or more digit positions. 

The simplest type of shift is the end-around shift illustrated below. All 
of the digits are shifted together, either to the right or to the left, as the 
instruction specifies. The digits shifted off one end of the word are 
brought around and added to the other end. This can be accomplished 
very simply in a magnetic shift register by bringing the output of the last 
core in line back around to the input of the first core. This makes the shift 
register into a loop just like a ring counter. This is simple and does not 
involve any new problems. It is as easy to understand as a game of leap-frog. 

The word 0123456789 

becomes 7890123456 


after three right shifts or seven left shifts. 

The simple arithmetical shift that we have considered in an earlier chapter 
is more common. In this type of shift, the digits shifted outside the capacity 
of the register are not brought around to the other end, but are dropped. 



end-around shift 



The empty spaces on the other end are filled by zeros. This operation is 
something like a small company that promotes everyone strictly on a basis 
of longevity. When the president dies, everyone moves up one notch and 
they hire a new office boy. 

Again, this operation is fairly obvious in a magnetic shift register. There 
the data is held statically and is shifted only when a shift pulse occurs. 
But these shift operations can also be done in a dynamic register such as 
the drum loop described earlier. In a dynamic register, of course, the data 
must continue to circulate around the loop. Yet to shift the data, you must 
change its relation to the time scale. 
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The Length of the Loop. 

The secret of a one word dynamic register is that it must be exactly one 
word-time long. If it takes exactly one word-time to circulate a bit of data 
around the loop, then we know that any bit of data that always passes fay 
a certain point of the loop at the same time with reference to the time 
scale. The illusralion shows why data always holds its proper place in the 
dynamic loop. 

It shows a word of data circulating around a one-word loop. It is shown 
in comparison with the 10-digit word-time. The time scale, of course, never 
changes. It is the time scale which determines which is the most significant 
digit and which is the least, and places all the digits in their proper rela¬ 
tionship. Since the loop is exactly 10 digits long, the same digits always 
occur in their proper digit positions. There is no shifting. Everyone has 
the right partner. 


1 DIGIT DELAY 


Shortcut for shift 


DATA AT t 
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If the loop were less than one word-time long, any bit of data would travel 
around the loop in less than one word-time and arrive back earlier than it 
should according to the time scale. The most significant digit, for instance, 
after going around a shift loop, would arrive back at a point of standard 
timing before the next MED time. Therefore it would no longer be in the 
most significant digit position. When read out of the register, it would be 
in a position of less significance. It would have changed its partner. But 
this is just wfeatwe want to do in a shift operation. 

The data in a short loop with reference to the time scale can be seen. The 
time scale, of course, never changes, but the significance of the data digits 
(which is determined by the time scale) changes each word time that 
the short loop ismaintained. 
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The Length of the Loop (contdL/ 

We can shift the data in a loop register, therefore, by changing the length 
of the register. We see how this can be done in the loop register discussed 
earlier. 

This register uses one digit of delay in external circuits and the remaining 
nine digits on the drum. The normal bne-word circulation part is through 
the external delay as shown by the heavy line. When this path is used, 
we have a one-word-time register which does not shift the data but main¬ 
tains its normal position. 

To shift right, it is sufficient to close the normal path and to open up, in¬ 
stead, a right-shift path. This path by-passes the one-digit external delay. 
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This gives us a nine-digit register, which is one digit-time shorter than 
normal. When this path is used, the register shifts the data one digit to 
the right for each word-time that the short path is used. If it were de¬ 
sirable to shift three digits to the right, for instance, it could be done by 
holding open the right-shift path for three word-times. 

If we can shift data in one direction by using a loop that is shorter than 
one word, it follows that we can shift data in the opposite direction by 
using a loop that is longer than one word. This can be done by using two 
digits of external delay rather than one. It is typically done by adding a 
second digit-time delay to the one already available in the normal, circula¬ 
tion path. 


DVNAMfC SHIFT REGISTER 




Capacitance In Pulse Circuitry lengthens 
Pulse Rise- and fall-Time 
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Portrait of a Puls© 

We have dealt with the larger aspects of timing. To understand some of 
the finer problems of timing that are common to all computers, serial or 
parallel, it helps to take a close look at the basic unit, the pulse. 

We can define a pulse as a change of Voltage from a base or reference level 
to a more significant level and back again to the base level. It may be, of 
course, either a positive-going pulse (which pulsates positive from a mOfe 
negative base level) or a negative-going pulse {which pulsates negative 
from a more positive base or reference level). 


There are three important parts of a pulse: the rise-time which begins it, 
the fall-time which ends it, and the duration between them. Ideally, a pulse 
would be perfectly square. In this case the rise-time and the fall-time are 
instantaneous. We tend to think of the rise and fall of a pulse as being 
neatly squared off, and not occupying any duration of time, like the bell 
beginning and ending a round at a boxing match. Actually this is not so, 
for as soon as we tty to generate that pulse in any real hardware, we find 
that the rise-time is not instantaneous, nor as sharp as we would like. The 
capacitiance in aiiy system tends to integrate the rise-time and fall-time. 

Viewing the pulse on a scope, we find that the rise and fall are exponential 
curves. 
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Drift la Timing 

Whenever a pulse passes through circuitry it suffers a certain amount of 
delay and a deterioration of the rise-time. Any additional circuitry means 
additional capacitance over which the driving source must develop the 
pulse. This capacitance fends to make the rise-and fall-times of the pulse 
longer. Very often, this means that the portion of the pulse that can be 
safely used becomes shorter. For if more of the pulse time is used in get¬ 
ting to the high level, less of the pulse time is left for use at the high level. 


AN IDEAL PULSE 


A REAL PULSE 


DELAYED AND DECAYED 
THROUGH CIRCUITS 


There is not as much of the pulse time left to do the job for which the 
pulse is intended. 

We do not have as precise control over the pulse as we would like, then. 
Its shape might deteriorate and its rise-time become poorer. Even the time 
of occurrence of the pulse might change slightly. We must provide a margin. 

of error to take care of these conditions. 

- 

In a computing system, it is very important to have fairly close control 
over pulses. For throughout the system, pulses will be gated together to 
perform logical functions. Pulses are vital in control as Well as in the 
representation of data* Presence of a pulse in the wrong place, or the 
absence of a. pulse where one sliould occur, may mean a wrong answer or 
an entirely erroneous mode of operation. The chief logical element, the 
AWD-element, depends upon the occurrence of two or more pulses at the 
same time. We must have control of their time of occurrence and make 
sure that they do not. drift too far out of proper timing. 


IS DIFFICULT TO CONTROL 
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Timing at AND-Elamenta 

Consider, for instance, the outputs we would get from A/VD-elements when 
the timing of their input pulses are imperfectly controlled. Several ex¬ 
amples of the gating problems which often come up are shown. 


ideal Pulse 


Poor Rise 
On Output 


THE OUTPUT RISE-TIME IS AS SLOW AS THE SLOWEST INPUT 


Bear in mind some of the characteristics.'of the positive-going AND~citcmts 
we are using here. The first characteristic is that any low input will hold 
the output low. The last pulse to go high will allow the output to rise with 
it. If several inputs start to rise simultaneously, the output can rise only 
as fast as the slowest of them, that is, the one with the poorest rise-time. 

If all of the pulses are high, the first one to go low will pull the output 
low with it, The examples shown are idealized. They are meant to show 
the timing considerations and not the effect of the 4 MD-circuit upon the 
signals. 

We see a sharp pulse and a pulse with a poor rise-time being combined 
in an 4JVD-element. Both pulses occur precisely at the same time. The 
output will have the slow rise-time of pulse b because the output cannot 
rise any faster than the slow rise of pulse b will allow. However, the fall¬ 
time of the output pulse is sharper because it drops as rapidly as the sharp 
fall-time of pulse a. 


Go glc 
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Timing at AND-Elementa (contdj 

The output that would occur for pulses that are a little off time are shown. 
This condition could occur if one pulse arrived a little early or if the other 
arrived a little late. The gate will only provide an output during the time 
of coincidence of the two pulses. For off-time pulses, coincidence will only 
fee the time of overlap of the two pulses. Therefore* the output will be nar¬ 
rower than either of the input pulses. Notice that the early part of the 
pulse may fee clipped off (as in c) or the late part of the pulse may fee 
clipped off (as in c'). The middle portion of the pulse, therefore, is the 
most reliable portion. 


Any pulse, to have full control of an AND- element, would have to be 
wider than any other pulse applied to the AND~e lement; An interesting 
case occurs when one pulse is used to inhibit the other, or to prevent its 
passing through the AND-e>Umen t. If pulse a must inhibit pulse fe, then it is 
necessary for a" to go negative and hold down the A#£*-circuit before the 
rise-time of pulse b" occurs. What’s more, it is necessary for a* to remain 
low until after all of pulse b" has passed fey- To properly perform its func¬ 
tion, a" must arrive before and leave after b", and therefore it must be a 
wider pulse than pulse b". Inhibitory pulses are often made wider than 
the pulses they inhibit. A widened pulse will be able to control m AND- 
element satisfactorily despite slight inaccuracy in the timing of the applied 
pulses, 
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m l ATE OR EARLY 

VCtARTS OF AN INHIBITED SIGNAL THAT SNEAK THROUGH AN ANU-E16MENT 


Spikes 

If we do not widen the inverse pulse that is being used for inhibiting an 
A ND -element, there is danger that the inhibition will not be perfect and 
that a small part of the inhibited signal will steal through to the output. 
Such small parts of the signal are called spikes. 


mm 


(Spike) 


The two worst cases of spikes are illustrated. The inhibiting pulse (a.) 
occurs a little early. It is removed from the gate before inhibited pulse b 
has passed by. Pulse a. in this case, fails to inhibit the tail end of pulse b, 
which passes through to the output as a spike. The inhibiting pulse a' 
.occurs a little Tate. In this case, the early pkft of pulse b passes through 
as a spike before inhibiting pulse a' is applied to the gate. 

Spikes (c and c') then are parts of the inhibited signal which occur when 
the inhibiting signal fails to overlap. They are always the very early or 
very late parts of the pulse. This is another case pointing out the fact that 
the early and late parts of a pulse are unreliable and it is only the middle 
section that can be depended upon. If a spike is allowed to go through, it 
may set a flip-flop or perform whatever function the output of the AND- 
element is supposed to do. 









THE CLOCK PULSE 


IS THE STANDARD SAMPLING PULSE 
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It is often necessary to provide pulses whose timing is precisely controlled 
so that they may act as a standard for timing. Such pulses are called clock 
pulses and are the narrowest and most closely controlled pulse in the 
machine. They are used to sample the wider pulses, and occur during the 
most reliable part of them. The clock pulses are the final samplers, that are 
not themselves sampled. They can be the narrowest pulses in the system 
because no other pulses need to sample them In a tube-and-diode com¬ 
puter, where most frequently found, the clock pulses are used to set or 
reset flip-flops. The clock pulses need only be wide enough to perform that 
job reliably.- They ate carefully controlled, time-wise, so that they coincide 
with the most reliable part of the wider pulses that they sample. 
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Clock Gkrtes 

AND-e lements which have clock pulses as one input are often called clock 
gates. A clock gate is frequently used as the final AND-e\emcnt before a 
static unit such as a flip-flop or counter. Wider pulses are used in the 
circuits leading up to the input of the clock gate. Because of this it is the 
clock pulse which is the last input to go high, and the first to drop low again. 
In this sense the dock pulse is the one that goes through the AATD-element. 
Therefore, it is the clock pulse which actually sets or resets the flip-flop. 


Whether the Sompled Pulse is 


.Stfttftfct 


or O*coy*d 


outpu* 


the Clock Gci* ghres * reliable cuiput 


The various pulses point out one important facti A clock pulse will get 
through this A ND-element precisely on time regardless of the condition 
of the pulse coming in to set or reset the flip-flop. Regardless of whether 
the incoming pulse is early or late or narrow^ the clock pulse always samples 
the most reliable part and passes through intact and precisely on time. ' 


Now, suppose that a a spike were to get through the logical network that 
provides a set or reset pulse. The spike would not be able to get past the 
clock gate. Spikes, as we have seen, fall outside of the safe timing zone, 
so they would not coincide in timing with the clock pulse. 
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Retiming 

The clock gate makes up for slight inaccuracies in the timing of a pulse. 
It compensates for drift in timing in the circuits. It provides a standard 
against which timing throughout the machine can be checked, in much the 
same way that a watch can be checked against the time signals broadcast 
over the radio. 

This precise control of timing is sometimes very important in loops and 
dynamic registers. Consider, for instance, the delay line loop shown. This 
is the loop that we described earlier that might be used in timing pulse 
circuits to generate digit pulses. A single pulse is circulating around a 
5-pulse-time line again and again. Each time it reaches a certain point on 
the loop, it provides a digit pulse. 



RETIMING A QUAY LINE LOOP 




When a precise time standard 
is not used, the output pulses 
of the delay line may drift in time. 



clock 

pulse 


An accurately timed clock gate 
puts the pulse back on time 
each trip around the loop 


For this circuit to work properly, it is essential that the loop be exactly 
five pulse-times long. If it were, for instance, 1/10 of a pulse-time longer, 
the output would gradually drop back. The second time around it would 
be late 2/10 of a pulse; the third time, 3/10, etc. The output would gradu¬ 
ally drop back with reference to the basic timing pulses. 
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Re&rdxjg {conttL} 

If a clock gate ia used somewhere in the loop, it will make up for the 
slight drift in timing, and each time around the loop it will put the cir¬ 
culating pulse precisely back on time. This is rather like a man with a 
watch which will keep accurate tithe to within half a minute a day. If he 
never checks his watch, then over the course of a month it may run several 
minutes off-time. But if every morning at 7 o’clock he checks his watch 
and resets it by the radio signal, then he can feel reasonably sure that he 
will always have accurate time within half a minute. So, if every time the 
circulating pulse goes around the loop, it is checked against the computer 
time standard, the clock pulse, we can be sure that it will always he accurate 
within a fraction of a pulse time. 


D = 5 PULSES 




CLOCK PULSE 


^ Qi the lone the tiroewilf s j 
\ be exactly seven o'clock 1 


Notice one important aspect of a retiming clock gate as we have described 
it here. The clock pulse always goes through the gate, Therefore the out¬ 
put is always a narrower pulse than the input, and it always occurs a little 
later. This is not objectionable if the pulse is going into a static unit like 
a flip-flop, whose memory can serve to widen out the pulse once more. But 
once we have gone through a clock gate and obtained a narrow clock pulse 
for an output, it is not safe to send it through additional logical circuitry 
and to reclock it once more unless the circuits in some way widened out 
the pulse once more. 


Google 
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Recirculating Amplifier 

There is one ingenious system, first used in the SEAC computer (developed 
by the National Bureau of Standards), which combines the functions of 
retiming and amplification in one unit. This unit is sometimes called a 
recirculating amplifier. Usually a pulse-transformer type amplifier is used. 

This has the advantage that two secondary windings on the transformer 
can be used to obtain both a positive-going pulse and a inverse or negative¬ 
going pulse. With this arrangement, a signal and its inverse are both avail¬ 
able whenever the transformer amplifier is pulsed. Since both are available, 
it is possible to use this type of circuit as a non-inverting amplifier which 
provides a positive-going pulse out, for a positive-going pulse in. 



THE RECIRCULATING AMPLIFIER 


Basically, the recirculating amplifier is a normally-off, non-inverting am¬ 
plifier whose positive-going output is fed back to its grid. As soon as this 
amplier is driven into conduction by an input signal, its output goes high. 
This high output is fed back to its grid and holds the amplifier in con¬ 
duction, even after the original input signal has dropped negative. 

The length of time that the amplifier stays in conduction is determined 
by an AND-e lement in the path of the feedback signal from the plate to 
the grid. The amplifier remains in conduction only as long as the control 
signal allows the feedback signal to return from the plate through the 
AND-e lement to the grid of the tube. 

The recirculating amplifier not only amplifies a pulse; it can widen it as 
well, within the limit allowed by the transformer. The output from the 
amplier can be wider than the original input pulse if the control pulse 
will allow. 
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Redrcukrtinq Amplifier Retiming 

Using recirculating amplifiers, it is possible to retime pulse trains without 
narrowing the pulses, A method for doing this is illustrated. ' . 
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In this system there are three phases at clock pulses, each separated from 
the next by 120°. Pulses of the same width and timing are used both for 
representing data and for clock pulses as well, The duration of a phase-A 
pulse overlaps the phase-B pulse by a small amount. Therefore, the leading 
edge of a phas'e-B pulse can be used as a clock pulse to sample and retime 
a phase-A pulse. Similarly phase B overlaps phase C. and phase C overlaps 
phase A. 

Each pulse, after passing through circuits and suffering some deterioration 
and delay, is sampled by the next later phase of clock pulse at a clock gate. 
The illustration shows a phase-B pulse tehich, after deterioration in cir¬ 
cuitry, is retimed at a clock gate by a phase-C pulse. This pulse does not 
occur until the later end of the B pulse being sampled. Therefore, this 
retiming system can tolerate a considerable amount of delay and poor rise- 
time in the sampled pulse, and still get a sharp rise-time through a clock 
gate. 

The output of the clock gate itself is only a partial pulse. But the recir¬ 
culating amplifier, through its feedback loop, holds itself in conduction 
throughout the remainder of the C pulse. The output is a freshly-amplified 
pulse of full duration, ready to drive more circuitry. Later on, this pulse 
will be retimed by a phase-A clock pulse. 
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Pulse Envelope Data Representation 

So far in discussing data representation we have considered that each 1 in 
a pulse train is represented by a separate positive-going pulse and each 0 
by the lack of a pulse. 

This is known as the return-to-zero method of data representation. The 
signal always returns to base level after each positive excursion to repre¬ 
sent a 1. Even for a long series of l’s, the voltage returns to base after each 
pulse. The voltage starts each pulse-time at a low level, pulses positive for 
a short period of time to represent the 1, and returns to the low level to 
finish out the remainder of the pulse time. 



DATA 1 1 1 0 0 0 10 10 1 



1 is represented by a pulse 
0 by lack of a pulse 


NONRETURN TO ZERO (PULSE ENVELOPE) 


DATA 1 1 10 0 0 1 0 10 1 



1 is represented by a high level throughout the pulse time 
0 by a low level throughout the pulse time 


TWO METHODS OF DATA REPRESENTATION 


There are other methods of representing data in which the signal does not 
always return to the base level. A common method is shown here. To repre¬ 
sent a series of three 0’s it remains at the high level for three pulse times. 

This is called the nonreturn-to-zero or pulse envelope method of data repre¬ 
sentation. The only time the level changes is when the data changes from 
1 to 0 or from 0 to 1. The pulse envelope pulse train is not as easy to read 
as the return-to-zero pulse train. 
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for Given frequency Response 


Data Can Se Twice As Dense 


In Pulse envelope form 
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Advantages of Pulse Envelope 

The puls* envelope system is used where density of data is important. It 
uses the pulse period as economically as possible. In pulse envelope, a bit 
is represented by a voltage level throughout the whole pulse period. In 
retum-to-zero, only a part of the pulse period, half or less, is used for repre¬ 
senting data. The rest is spent at base level. Because the pulse envelope 
uses each bit-time more thriftly, it is able to use shorter bit times, and 
therefore pack more data into a given amount of time. 


This Is especially important in high-speed serial computers. Fully serial 
computers require a large number of bit times to make up a word time. 
To gain speed, it is important to have each bit use up as little time as 
possible. That is, the bits must have a high basic repetition rate. But higher 
basic repetition rates require higher frequency response of the circuits, and 
this becomes the limiting factor. In this case, the pulse envelope system is 
often used, because it does not require change of level as frequently as the 
return-to-zero system. 
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Advantages of the Pulse En velope (confeU 

In fact, the frequency of change is only half as high in pulse envelope as 
in return-to-zero, In return-to-zero data trains, the most severe case is a 
series of l’s, This requires two changes per bit—from base line up to posi¬ 
tive level and back to base line, in pulse-envelope data trains, the most 
severe case is a series of alternate l’s and 0’s. This requires only one change 
per bit. The pulse envelope systems therefore make at possible to use (for 
circuits of given frequency response) a basic repetition rate twice as high 
as would be possible with the return-to-zero system. 


in pulse-envelope, both the pulse duration and the repetition frequency vary 


On the other hand, the pulse envelope system presents more severe coupling 
problems. It is the type of signal introduced in Vol. II in which both the 
pulse duration and the pulse repetition rate vary. In the return-to-zero 
system, the repetition rate varies, but the pulse width is always standard 
and can more easily be generated and coupled by way of a-c circuits. 
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Pulao-Envelope Manyoottc Bacording 

Magnetic recording is another area where pulse-packing density is im¬ 
portant. in magnetic recording devices, there are two major ways to in¬ 
crease speed of operation. 

1. Move the tape or drum faster. 

2. Pack the pulses more densely. 

The speed is limited mechanically. But for a given speed, data pulses are 
read by the head at a faster rate if it is packed more densely on the drum 
or tape. 

Return-to-zero recording is most frequently used, because it is the simplest 
method. The track is saturated to the base level, and pulsed toward satura¬ 
tion to represent l’s. The flux pattern for each l is strongest right under 
the head gap, but fringes off on both sides. Pulses are packed as closely 
as possible without overlapping. 
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PULSE DENSITY IN MA6NETIC REC0RDIN6 


Notice how pulse-envelope recording makes it possible to pack twice as 
much data on the same amount of magnetic surface. Here, the flux pattern 
changes only when the data changes. It goes up when the data changes 
from 0 to 1, and comes down when the data changes from 1 to 0. There is 
a maximum of one change per bit, rather than two changes per bit, as in 
return-to-zero. 
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Puke-Envelope Fe&ning 

In the pulse-envelope system, the clock pulses are best considered as bit 
dividers. They are very sharp pulses which divide time into bit times. They 
mark the precise time at which the level of a pulse may change. We can 
say, therefore, that a 1 is represented in a pulse-envelope system by a high 
level between adjacent clock pulses and a zero by a low level between 
adjacent Clock pulses. They are the narrowest pulses in the system, being 
only wide enough to run fast-acting flip-flops used to generate data trains. 
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The same clock pulses which originally generate a pulse train are used to 
sample and retime the pulse train after it has suffered deterioration through 
circuitry. This type of clock pulse therefore, must occur at the time of rise 
or fall of the pulse, and it must also sample the same pulse. But to sample 
the pulse, the clock pulse must occur in the most reliable part, the middle 
of the pulse duration. To achieve this, the pulse train is normally delayed 
half a pulse time. Thus the clock pulses which originally define the time 
of the rise and fall later sample the center part of the pulses. 

This retiming unit generates a pew, freshly amplified pulse train repre¬ 
senting the original data. Note that the pulse train isr delayed exactly one 
pulse-time through the retiming process, just as if it were passed through 
a one-pulse-time delay line. 

To reset the flip-flop, it is necessary to use either the inverse of the signal 
or the inverse of the dock pulse. The latter case is illustrated here. The 
inverse clock pulse requires a negative A JVD-circuit. Whenever the incom ¬ 
ing data train is at the low level, it gates a negative-going clock pulse to 
reset the flip-flop. . v'' 
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REVIEW 


The point ef standard timing is 
normally established at the output 
of the read amplifier. Time-wise, 
all of the gates are at the same 
point of the loop because there is 
no delay element between them. 
There may be a second output gate 
at a different point in the loop, 
separated at the point of standard 
time by a one-digit-long delay. A 
digit does not arrive at the second 
output gate until one digit-time 
after it has passed by the first out¬ 
put gate. 
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The recirculating amplifier which 
combines retiming and amplifica¬ 
tion in a single unit is a normally- 
cff non-inverting amplier whose 
positive-going output is fed back 
to the grid. As soon as this am¬ 
plifier is driven into conduction by 
an input signal, its output goes 
high. This high output is fed back 
to the grid and holds the amplifier 
in conduction even after the origi¬ 
nal input signal has dropped nega¬ 
tive. The length of time that the 
amplifier stays in conduction is 
determined by an AND **leroent in 
the path of the feedback signal 
from the plate to the grid. 
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Clock gates are frequently used as 
the final gate before a static unit 
such as a flip-flop or a counter. It is 
the clock pulse, therefore, that ac¬ 
tually sets or resets flip-flops. 
Wider pulses are used in the logic 
leading up to the set or reset in¬ 
puts. but they are sampled by a 
clock pulse at an AATD-element 
clock gate. When an output occurs 
from the clock gate, it is the clock 
pulse that goes through, The clock 
puke is the last input to go high 
and the first to drop low again. It 
samples the most reliable part of 
the wider logic pulse. 
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CONTROL UNITS 


Control 

The control unit is the most important part of an automatic digital com¬ 
puter. It is, in fact, the part that makes it automatic. The control unit 
(discussed in Vol. I) performs many of the functions done by the operator 
in slower and simpler machines. It seems especially characteristic of elec¬ 
tronic digital computers. 

It was clear to Babbage even 100 years ago that a computer, to take ad¬ 
vantage of its high speed, must be able to follow automatically an estab¬ 
lished sequence of instruction, stored in advance in its program memory. 



This was true of Babbage’s machine, as it is true of all digital computers 
today. They all follow automatically the same general basic operating cycle: 

1. —Fetch an instruction from the program store and interpret it in the 
control unit. 

2. —Execute the instruction. When it is finished, go back and fetch the 
next instruction in the sequence. 

This constantly repeated process of fetch-perform-fetch-perform, estab¬ 
lishes the basic operating rhythm of the machine. By repeating this 
rhythm over and over, a computer automatically performs the program of 
instructions, stored in its memory, in proper sequence. 

Following this basic operating rhythm is the fundamental job of the con¬ 
trol circuits. This job must be done, in essence, in all computers, although 
the way in which it is performed varies considerably in detail from one 
computer to the next. 
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CONTROL UNITS 


Instruction Representation 

It is characteristic of large-scale computers that they store the instructions 
in the memory as well as numerical data. That is, each individual in¬ 
struction is represented by a certain code combination stored in the memory 
at an address chosen by the programmer just as a data word might be 
stored there. If viewed on a scope or printed out on a printing device, 
instructions and data sometimes cannot be told apart. Suppose that in the 
computer instruction code the combination 14 represents the instruction, 
add. The characters 143096 then could represent the instruction, “Add the 
contents of memory location 3096 to an accumulator register.” 

A PULSE COMBINATION IS INTERPRETED AS AN INSTRUCTION BY THE CONTROL UNIT 



But if we have the characters 143096 stored in a memory location, they 
could represent equally well either numerical data or an instruction. The 
programmer, of course, knows which it is and writes his program accord¬ 
ingly. If it is an instruction, the programmer will call for this instruction 
during a fetch cycle. In this case it will be transferred into the control 
unit where it will be interpreted as the instruction “Add the contents of 
memory location 3096.” If it is numerical data, it will be called for by an 
instruction during the execute cycle of that instruction. In this case, it 
will be read from the memory to an arithmetic unit which will accept it 
as data. 

You will recall from Vol. I that there are two parts of an instruction word: 
the operation part, which specifies the action to be performed, such as add, 
multiply, shift, conditional branch, etc.; and the address part, which gener¬ 
ally specifies the memory address where the data can be found that is 
involved in the operation. Remember some computers use more than one 
address for each instruction. In our example we illustrate the single address 
instruction because this is the most common type. 
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INSTRUCTIONS 



Interpreting: the Instruction Word 

In the memory, the instruction word is merely a coded combination o£ 
pulses, a certain combination of cores set to the 1 state or a certain pattern 
of pulses written on the surface of the rotating drum. If the designer has 
decided that a certain arbitrary combination of pulses represents the in¬ 
struction add, he must design the control Circuits to recognize that com¬ 
bination and to perform an add instruction when it occurs. 


MEMORY 


taforprah the poise combinsthn 


cswi.19 front Hie memory 




CONTROl UNIT 


needed to execute the instruction 


to emits throughout the computer, 


The main jobs of the computer control unit are to fetch and recognize these 
arbitrary pulse combinations stored in the memory and to respond to them 
by performing, in the proper sequence, all of the actions throughout 
the computer which are necessary to execute the specified instruction. The 
control unit must be able to recognize a number of different pulse com¬ 
binations in the memory and, for each one, to control a unique set of actions 
as necessary to add, subtract , multiply , divide, shift, transfer data, branch 
conditionally and unconditionally, and extract These circuits also control 
the flow of input and output data. 
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INSTRUCTIONS 


Interpreting the Instruction Word (contcL) 

■ 

There are two problems here. The first is to recognize all of the various 
pulse combinations that represent operations in order to know which one 
to perform. The second is to control the gating throughout the machine 
so that it performs the required functions in the proper sequence to accom¬ 
plish the operation. First we will consider how the control unit recognizes 
the required operation. 


When there is a difference in operation between serial and parallel com-; 
puters, the following description favors the serial point of view because 
it gives the widest coverage of the field. In general, parallel operation is 
simpler than, but equivalent, to serial operation. For example, we illustrate 
a word time as an extended period long enough to include a word in serial 
pulse train form. In a parallel machine, the word-time signal is compressed 
into a single pulse applied simultaneously to 3 *et of parallel circuits. 





























INSTRUCTIONS 



Th® Instruction Register 

The first thing necessary Is to take the instruction out of the memory. The 
memory is not a control element, but a unit that is especially designed for 
bulk storage only. To make this pulse combination in the memory perform 
some control function, it is necessary first to transfer the instruction word 
out of the memory into a storage unit where it may be interpreted and 
used for control. This unit is generally called the instruction register. 


Instruction Word 


The instruction register is that part of the control circuitry which holds 
the instruction word while it is in use, that is, while that word is actually 
controlling the indicated instruction. 

There are two parts to the instruction register, just as there are two parts 
to the instruction word. The first part holds the operation part of the in¬ 
struction word, and may be called the operation register. The second part 
holds the address and may be called the address register. 





















































































































The Two Halves of (he INSTRUCTION REGISTER 
Perform Entirely Different Functions in the 
Computer . 


INSTRUCTIONS 


Address Register 


Operation Register 


Operation Decoder 


Address Selector 
Switching Network 




The division is a reasonable tme because these two parts of the instruction 
actually do very different jobs. TheQpersiwn part of the instruction con¬ 
trols the gates throughout the machine that are necessary to perform the 
instruction. The address part selects the address involved in any instruc¬ 
tion which requires additional data in memory. It follows, therefore, that 
the operation register is finally connected by the control circuits to all of 
the gates required to perform the instruction. The address register, how¬ 
ever, is connected most directly with the address selector. 














































































INSTRUCTIONS 


The Instruction Register (conldL) 

Typically, the instruction register is a static register. Often it is made of 
flip-flops, one for each bit in the instruction word. There are good reasons 
why the instruction register is often made of flip-flops. First, static con¬ 
trol signals are required to perform an instruction. These signals must 
remain on the instruction gates during the instruction. Therefore, they 
must come from a source that provides a continuous output. Secondly, the 
signals must remain for an indefinite length of time. Different instructions 
require different periods of time. A simple data transfer may be completed 
in one wofd-time. But a multiplication or division or input-output instruc¬ 
tion may last for many word-times. The instruction register must operate 
for all instructions. Therefore, it must store the instructions statically, for 
whatever length of time is necessary. 



The instruction word is transferred 


from the memory - # mip tkmni 


to the INSTRUCTION REGISTER — 9 CMiwI efwmt 



The instruction register often requires a large number of flip-flops since 
there must be one for each bit in the instruction word. An instruction word 
is frequently made up of six or more decimal digits, even in a single-address 
machine. Each of the digits typically includes four to seven bits, 
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Serial Read-Out from Messary 
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In a computer where the data is read serially out of the memory, the data 
must he converted from serial into parallel forms so that the bits are dis¬ 
tributed into the proper instruction-register flip-flops, This serial-to-parallel 
conversion might be done in a magnetic core shift-register or in a delay* 
line distributor. 
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INSTRUCTIONS 



The Operation Decoder 

In the memory, the instruction is stored as a pulse combination* When it 
is brought into the instruction register it is still in this form. To use these 
instructions as control signals it is desirable to have a. separate or descrete 
signal representing each instruction. 


Write ®r«nch 


Add Subtract Multiply Divide Shift Read 

This can be done by a decoder. Recall that a decoder tfanslates a combina¬ 
tion of signals on the input into a single descrete signal on the output. 
Although a decoder has a number of outputs, only one of them is selected 
at any particular tithe, depending upon the combinations of pulses applied 
on its inputs. 

The operation register, therefore, is normally followed by an operation 
decoder. The flip-flops in the operation register provide tihe inputs to the 
operation decoder. There are a number of .outputs from the decoder—one 
for each of the operations that the computer is capable of performing. 

Often, the address register is followed by decoders for the same reason. 
In decimal machines there are usually decimal decoders, one for each digit 
in the address. 
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The simplest type of operation is a register-to-register data transfer in 
which neither register requires an access wait. Such an operation requires 
only one simple data transfer and, therefore, only one simple control func¬ 
tion. Most operations are not so simple. For instance, if the transfer in¬ 
volves a drum or disc memory, it becomes somewhat more complex. In this 
case, there is the problem of operating the address selector, especially the 
time selector unit which chooses the right time to transfer data info or out 
of the required memory location. To control this type of operation requires 
a two-step approach: 

1. Operate the address-selector circuits. Recall that a memory which re¬ 
quires an access wait,, such as a drum memory, must have a unit which 
continually indicates the address currently available such as a set of address 
tracks or an address counter. The number from this track or counter must 
be compared with the number in the address register. When a coincidence 
signal indicates that they are the same, then step two commences, 

2. Transfer the word of data into or out of the selected memory address. 
This instruction requires two different types of operation. Searching for 
the address and transferring the data are different functions and call for 
different forms of control. Obviously they cannot be performed together, 
but must be performed in the indicated sequence. 
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SUBDIVISION 


Subdividing the Operation (contd.) 

It is not sufficient merely to apply the operation to both the AiVD-elements 
used in address selection and the AND-elements used in the data transfer. 
It is necessary to subdivide the instruction into its component parts: 

1. Select address 

2. Transfer. 

An. additional control element is required. Very frequently this element 
is a counter, as illustrated. 
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The operation signal write would attempt to perform all of the functions 
required for a full write operation. But the operation subdivider will not 
permit this signal to operate all of the AWD-elements simultaneously. In¬ 
stead, it breaks the operation down into the two reqiured steps and per¬ 
forms them in sequence. 

When the write instruction is first put Into the operation register, the 
subdivider is reset to 1. It stays in that position until the address selector 
circuits indicate a coincidence, at which time the subdivider is stepped to 2. 
After one word-tme, when the word has bean completely transferred, the 
counter is stepped beyond 2 or otherwise disabled. The write operation is 
complete after one word-time. 


Google 


(3-91) 










SUBDIVISION 

Importance of the Subdivider 

Almost ell operations requite Subdivision, In fact, most operations are more 
complex than the data transfer previously discussed, For example, a multi¬ 
plication operation, when performed as a series of repeated additions, is 
a long and complex process to control. It would require a number of sub¬ 
divider steps. 



Stef 3 Stef H 


The “basic functions of the subdivider are as follows: 

First, it: breaks the instruction, down into a number of simpler functions 
and provides a separate signal (here called a step signal) to control each 
fimction. 

Second, the subdivider establishes the sequence of these functions, and 
performs them one at a time. Only one of the step signals is selected at 
;iany given time. 

If a machine malfunctions, two of the most important things that, the 
maintenance engineer wants to know are (1) What operation was being 
performed when the error occured ? (2) What step of that operation was 
being performed? If he knows these two items, he can sometimes harrow 
down the area of trouble to a small part of the machine, 
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SUBDIVISION 


Stepping the Subdivider 

The subdivider must of course be automatic—it must advance itself through 
the sequence of steps necessary to perform the operation. Part of the job 
of the control circuits is to advance the subdivider from one step to the 
next and at the right time. 

The illustration shows one way in which the subdivider could be con- 
trolled while executing the memory transfer operation. A binary counter 
is used, and therefore a decoder is necessary. The steps are consecutive, 
so it is sufficient to apply a count input to the counter to advance to the 
next step. 

Step 1 is of variable length, and to control this variable factor, its AND- 
element requires a special signal. This AND-element cannot operate until 
the comparator in the time-selection circuits provides a conincidence signal. 
When this signal occurs, it indicates that the selected word is coming 
under the head in the following word-time. The AND-element also carries 
word pulses and therefore it provides an output precisely at the beginning 
of the required word-time. 
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Step 2 controls a one-word data transfer, and must be exactly one word in 
length, beginning and ending when the word-divider pulses occur. It begins 
at the right time because the gate which steps the counter from 1 to 2 is 
timed by a word pulse. When the step-2 signal rises, it simply waits for 
the next word pulse, which occurs exactly one word-time later, and gates 
it tp advance the counter again. This terminates step 2 just as the one-word 
transfer is complete. The step 1 control gate requires additional control, 
for it is not always the same length. It cannot operate until the comparator 
in the time-selection circuits provides a coincidence signal. When this 
signal occurs, it indicates that the selected word is coming under the head 
in the following word time. The gate also carries a word pulse, so it pro¬ 
vides an output precisely at the beginning of the required word-time. 








SUBDIVISION 



AND-Etamentg for Data Transfer and Control 

This example of subdivider control serves to illustrate two different uses 
of AND-elements: those used for data transfer and for control, We have 
considered the data transfer AND-element before. Often, it must pass one 
word of data. It is often the subdivider step signal which holds a data trans¬ 
fer AND-element open for exactly one word-time, as in the example just 
given. The typical control signals on a data transfer AND-element repre¬ 
sent the operation and the step. Sometimes, the logic of the machine re¬ 
quires more precise conditions, or more precise timing, as when it is 
desirable to transfer only one digit out of the multiplier data train. 
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Control AJVD-elements, on the other hand, are used for such jobs as count¬ 
ing or clearing counters, setting or resetting flip-flops, etc. These jobs can 
typically be done by a single pulse which must occur at precisely the right 
time. One of the inputs to the control gate is a train of timing pulses. 
The operation and step signals select the conditions under which an output 
should occur. The timing pulses choose the time. It is a timing pulse that 
passes through the AND-element. 



















SUBDIVISION 



Gt&wd Form oi the 3ufedirid»r 

A variety of different types of subdividers are used. The clearest way to 
illustrate the general principles involved is to show the subdivider as a 
modified ring counter giving static outputs rather than a binary counter 
with a decoder. The illustration shows the basic factors involved in sub¬ 
dividing any operation. A control System like this must exist for each 
operation. Fortunately, there is enough similarity among the several in¬ 
structions so that their control can be combined into a single suvdivider. 
It would, of course, be much more complex than the one shown here. 


m smmrm t« 

— Sequences the Steps In Such Operation lli 

— Indicates the Completion of each Instruction 


write 


INC 

INSTRUCTION 


WHITE 


COlNODEfTCt 

W 380 PuisT 


START FETCH 
OHRATlON 


In this example, the subdivider is controlled by <4ATI?-elements There is 
a separate subdivider control AlVD-elament for each step. Each AND-ele- 
ment is selected by an operation and step signal. Each AiVX* -elem«nt also 
contains other control and timing signals so that it provides an output at 
the precise time when the step is finished. This output, here called the end 
step signal, advances the subdivider to the next required step. 

Finally, at the end of the last step required for each particular instruction, 
a subdivider control AiVD-elementproduces a signal which not only ends 
that step but also ends the entire operation. This end-instruction signal 
tells the control circuits that the instruction has been executed and that 
it is time to begin a fetch operation to bring the next instruction out of 
the memory. 












SUBDIVISION 



A Simpler Subdivide* for Parallel Computers 

Considerable simplification of the subdivider control is possible in some 
types of computers This is particularly true of parallel computers using 
storage registers that do not require an access wait. In such computers the 
word time is compressed into a single pulse, and it is often possible for 
the subdivider counter to program from step to step on adjacent timing 
pulses. 
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Where this is possible it is not necessary to generate each end-step signal 
by means of gating. Since the counter advances once For each timing pulse, 
it is snfficient to apply the chain of timing pulses to the input of, a binary 
or ring counter. 

There are exceptions, however. Not every step can fee completed in one 
pulse time, even in the parallel computers we described. Some of the steps of 
input *output instructions call relatively slow equipment into action, and 
must wait for it to respond. In this case the timing pulses must be inter¬ 
rupted to keep the subdividef from advancing to the next step until the 
current step is completed. 
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SUBDIVISION 

A Simpler Subdivide* lot Parallel Computers (conId.) 

Multiplication and division offer other examples. One of the steps of multi¬ 
plication calls for a secies of additions. It 1* desirable to remain at the step- 
controlling addition: until the full series is completed. In this case the 
multiplier counter (which you will recall from Volume 1) would provide 
the secondary control and would inhibit the timing pulses from advancing 
the counter until the proper number of additions had taken place, as 
required by the decimal multiplier digit. 


Typically an AMD-element is used to control the timing pulses that ad- 
Vance the counter. The pulses pass through the AND-e lement to advance 
the counter each pulse time unless a signal from secondary control circuits 
inhibit them. 

The small circle at the input to the AND-slement is commonly used 
wherever the inhibitory level of the signal rather than the permissive value 
is arbitrarily considered as the significant one. For a positive A lVZ?~circuit, 
for instance, the secondary control circuits would generate a low-level 
signal to prevent timing pulses from passing through the AND~fi lement 
Until the step was completed, then the signal would return to the high 
level and the next timing pulse would pass through to advance the counter. 
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htUlTIPUCATlOH instructions lend Themselves 
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Not all operations are as straight-forward as this. Some of them, such as 
the multiply and divide , perform the same steps over and over again. The 
flow of operations required to perform a decimal multiplication by means 
of a series of additions, is shown. Recall that to multiply, the computer 
first selects the least significant digit of the multiplier. Under program 
control this digit goes through a sequence of operations including a series 
of additions, and a shift. Then the computer selects the next more signifi¬ 
cant multiplier digit and repeats the series of additions and the shift. The 
same sequence of operations is repeated for each multiplier digit. Only 
after the last multiplier digit has been processed, can the end instruction 
signal be generated. 


Preparation and Sign Company 


Multiplication is a complex operation and there is no single best way to 
perform it in all systems. Because it performs the same sequence of func¬ 
tions over and over again, however, it lends itself to a loop type of control. 
A control loop can be easily built into the subdivider control. After each 
shift operation, the subdivider control which contains a loop doubles back 
on itself. 
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SUBDIVISION 



Subdivider Loops (canid,) 

Note the similarity of the type of control shown, to the basic programming 
technique explained in Vol. I. The computer controls this operation in 
a way similar to how the programmer uses conditional and unconditional 
transfer instructions to make loops/ In this example, the loop-maker is the 
End-Step XND-element which terminates the shift step. This AND-e le¬ 
nient is like an unconditional transfer instruction. Whenever control gets 
to this point, it always returns to a point earlier in the control cycle. 


MULTIPLY 


SIGN COMPARISON 


MULTIPLY 


MULTIPLY 


MULTIPLY 


MULTIPLY, 


InULuctiani 


Mtlhipliftjr 

Diflil 


4 

SHIFT 


£ 

SELECT 

MULTIPLIER 

W6IT 


The loop-breaker is the End-Instruction dJVD-eleoaent, This dlSYD-element 
is like a conditional transfer instruction. It has an opportunity to break the 
loop and end the instruction after each series of additions. But it breaks 
the loop only if the signal is present which indicates that the last muli- 
plier digit has been handled. In the case of a 12-digit multiplier, this gate 
would fail to produce an output the first 1 1 times through the control loop. 
The 12th time through, however, it would produce an output to end the 
instruction and call for the next fetch cycle. 
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A computer is a general-purpose device. Its mode of operation is deter¬ 
mined entirely by the instruction applied to it. It is capable of switching 
very rapidly from one type of operation to another as the program re¬ 
quires. It can do this because the control unit is designed to provide a 
small control system for each operation. Each system is ready at any in¬ 
stant to activate the parts of the computer that are required for the corre¬ 
sponding operation and to link together the logical units in the right way 
to carry it out. Since this must be done for each operation, the number of 
circuits involved can become extensive. 
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Overlapping of Control Circuits 

The control circuits are the most complex part of a computer. They con¬ 
tain the greatest amount of overlapping functions and therefore offer the 
greatest opportunity for minimizing equipment. 

Consider the large number of operations that a computer must perform. 
A typical computer can perform approximately 20 different operations. 
Some computers are able to perform the basic operations with a number of 
variations, so that the total number of instructions on their instruction list 
is actually much larger than 20, 
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CONTROL CIRCUITS 
Economy of Control Circuits 

There is, nevertheless, a good deal of overlapping of control. This is pos¬ 
sible because a number of the instructions require similar operations. For 
instance, many of the operations require a transfer into or out of the 
memory. It is not necessary to have a separate transfer path for each one. 
We have seen, for instance, the similarity of operation and the common 
use of equipment in addition, subtraction, multiplication and division. The 
adder nr the accumulator is used commonly by a number of operations. 



Where a common function is required, common control is used. In the 
illustration shown, it is presumed that three different transfer paths be¬ 
tween the memory and the adder are required, each for a different instruc¬ 
tion, Instead of setting up three separate paths with separate control for 
each, a typical computer uses a single transfer path with a common control 
signal. 

The control signal which is placed upon this data transfer gate must repre¬ 
sent all of the conditions under which a transfer from the memory to the 
adder is required. Somewhere in the control unit, there must be a logical 
network that specifies these conditions, and generates this signal only at 
the required times. We see such a logical network, set apart, and considered 
as part of the control circuits. Note that the. chief inputs, to the logical 
networks are the operation signals from the operation register and the 
step signals from the subdivider. In some cases, timing signals are also used. 




CONTROL CIRCUITS 
Economy of Control Circuits (cotvid.) 

This is a typical example of the most common'form of control used in 
computers. First the operations and the subdivider steps are gated together 
in AND-elements. The outputs of these elements represent the individual 
steps of the instruction. These outputs then select all of the commands 
required to perform that step. Our example shows a transfer function: 
selected by three steps of individual instructions. Each of these steps also 
selects other functions. The original gating which combines the operation- 
signal and the subdivider step .serves not only for one gate, hut for all 
gates required for that step of the operation, 


When se veral transfer operations 
require the WJuft step, then the step 
signal is the contromng factor. 



Still further simplification of.the control circuits is possible. For example, 
if all operations could be designed in such a way that this particular trans¬ 
fer will always occur on the same step number, e.g., Step 3, then the step 
signal itself is sufficient to control the transfer path. 

It is not easy, however, to gain this advantage, and still use a simple 
sequential counter for the subdivider. 
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CONTROL CIRCUITS 


CommenForm of Control 

When this type of control is followed for ail instructions, the control cir¬ 
cuits assume the form shown. Operation lines from the operation registers 
and all step outputs of the subdivider, along with timing pulse signals and 
other miscellaneous signals are combined in a large matrix of AND and 
OR-elements. It is often illostratid as a decoder matrix. Ic general, this 
decoder provides an output for eVery step of every instruction. 

The second step is an encoder. It is connected so that each input line drives 
a selected combination of output conmtand lines. These commands perform 
the specihc function required by that input. 
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THE CONTROL SECTION Uses Many Gating Elements 


The encoder consists of a large whiff letree of OR- elements. All of the 
outputs of the decoder enter this encoder and pass through the OR-elements 
to select all of the commands required to perform the operations they 
specify. 

This part of the computer, taken altogether, represents a large electronic 
switching network capable of switching the computer from one type of 
operation to another quickly. It interprets each instruction and breaks it 
down into steps. In each step it selects the necessary combination of com¬ 
mand lines to activate and interconnect the logical units of the machine 
into a system that will perform the operation. 

The amount of gating in this part of the computer is very great. It is 
usually designed to minimize the number of circuits required. 









CONTROL CIRCUITS 


Fetch Control 

The fetch operation is performed like any other instruction. The main 
difference is that it is not a variable like the other instructions. It is always 
needed. Its control does not come from the program, but is built in. 



The fetch Operation 


_ is Performed Automatically^ 

at the End of Each Step and Each Instruction. 




Sometimes the first step or two of the subdivider is used to control the 
fetch operation. If this is done, it is sufficient for each end-instruction 
signal to clear the subdivider back to zero, and a fetch is automatically 
performed. 

Sometimes a separate control is required for the basic operating rhythm. 
This is especially true in cases where a computer word holds more than 
one instruction. If a single fetch operation brings two instructions out of 
the memory, then it is necessary to perform them in sequence, and to store 
the second until the first is ended. This requires a separate subdivider or 
counter to control the basic rhythm. 
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CONTROL CIRCUITS 


Fetch Functions in Single-Address Machines 

The basic functions required to perform the fetch operation in single ad¬ 
dress machines are shown. Recall that a special counter, or a register used 
as a counter, holds the control address. This control address register tells 
the control unit where in the memory it can find the next instruction. 

The first step in a fetch operation is to transfer the control address into 
the address part of the instruction register, where it can operate the address 
selector. 

After an access wait, if necessary, the instruction word is transferred out 
of the memory, and into the instruction register. If an address modifier 
register is used, it normally modifies the instruction word during this trans¬ 
fer. Then the computer is ready to perform the instruction. 




FUNCTIONS REQUIRED FOR THE FETCH OPERATION 


The control address 
is transferred to 
the address register 


The instruction is placed in 

the operation and address registers 

and the EXECUTE cycle starts. 


It selects the 
address of the 
next instruction. 



The instruction word is 
transferred out of memory 
and modified. 


Notice that the address register does double duty. First, it holds the control 
address to fetch an instruction word. Later, it holds a data address to be 
used during the course of the instruction. 

The fetch operation also increases the control address by 1 to specify the 
next instruction in the sequence. 
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If the transfer of data involves a 
drum or disc memory, it necessi¬ 
tates the operation of the time se¬ 
lector unit which chooses the right 
time to transfer data into or out of 
the required memory location. The 
two steps of this process are: (1) 
The address selector circuits must 
be operated until the required ad¬ 
dress in the drum or disc memory 
matches the address in the address 
register. (2) The actual transfer of 
a word takes place between the 
computer memory and the register 
specified by the instruction. 
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Considerable simplification of the 
subdivider control is possible in 
parallel computers whose storage 
registers do not require an access 
wait. In such computers, the word 
time is compressed into a single 
short pulse and the subdivider 
counter can program from step to 
step on adjacent timing pulses. It is 
then not necessary to generate each 
end-step signal by means of gating 
—applying the chain of timing 
pulses to the input of a binary ring 
counter is sufficient, 
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Almost all operations require sub¬ 
division- A multiplication opera¬ 
tion, when performed as a series of 
repeated additions, is a long and 
complex process to control requir¬ 
ing a number of subdivider steps. 
The operation of the subdivider is 
as follows; It breaks the instruc¬ 
tion down into a number of steps 
and provides a separate signal (a 
step signal) to control each step. 
Only one of the step signals is 
selected at any given time. 
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INPUT-OUTPUT 


Input-Output 

The input-output units are the communications system between the com¬ 
puter and the world outside of it. Any data that the computer works on 
must first come into its memory by way of an input unit. When the com¬ 
puter produces useable results, they are sent out by way of an output unit. 
Input-output units are, so to speak, our normal channels of conversation 
with the computer. 

Never before has it been necessary to have so much communication with 
a piece of equipment that operates at such high speed as a digital computer. 
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MODERN COMPUTERS 
REQUIRE MANY DIFFERENT 
INPUT-OUTPUT UNITS 
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That is one reason why so much development work has been necessary on 
input-output equipment. One of the most important properties of computers 
is that they can handle vast amounts of data very quickly. It is little wonder 
then that the equipment for getting data into and out of the computer has 
proved to be a major bottleneck. 

There is a good deal of variety in the types of input-output equipment used 
with computers. The type of input-output equipment used depends upon 
the type of job the computing system is doing. A computer used to control 
a manufacturing process requires different equipment from one used to 
compute a payroll and make out the paychecks. We will not consider 
process control here, but only digital data processing applications. 
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Suchis valuable in de-buggiftg programs 
and in troubleshooting and testing the computer. It is also sometimes used 
by the operator to insert small amounts of important, variable data in a 
program. 

Although it is one of the simplest forms of input-output, the keyboard- 
printer illustrates the three main classes of signals that pass between an 
input-output unit and the computer unit that controls it. Timing signals 
enable the computer to synchronize the transfer of data and properly con¬ 
trol the input-output equipment. In faster equipment, the timing signals 
may be generated magnetically by a small drum, or photoelectrically by a 
slotted disc, rather than by timing cam switches. 
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INPUT-OUTPUT 

Basic Method 

The simplest form of data input-output involves the direct use of a key¬ 
board for input, and a printing mechanism for output. This simple form 
of input-output is very slow, especially the input. It must wait for the 
operator to type the data on a keyboard. This form is often used, however, 
in small-size computers, where computing time is not as expensive and 
speed is not a prime consideration. It is also used even in the largest com¬ 
puter systems, but only as a method of auxiliary manual input and output. 
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INPUT-OUTPUT 


Faster Methods 

Some other methods which provide a higher rate of input and output are 
shown. In all these methods the keyboard does not send its data directly 
into the computer. The unit which deals directly with the computer is a 
high-speed input-output device, such as a magnetic tape, punched tape, or 
punched card unit. 

All of these are automatic devices—they do not require any operator action 
for input or output, but can be controlled directly by the computer. The 
computer signals the input-output unit to provide data input or accept data 
output as required by the program. 
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Tapes or cards are prepared on special equipment designed to accept data 
typed on a keyboard and to write it in coded form on magnetic tape, or to 
punch it onto a paper tape or punched card. 

The tapes or cards that are presented to the input unit are not always pre¬ 
pared on a keyboard device. They may have come from some other form 
of tape-preparation or card-preparation equipment. For example, a magnetic 
tape applied as input for one computer operation may have been prepared 
on a tape transport as output data from an earlier computer operation. 
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INPUT-OUTPUT 


Dote Processing 

The speed of operation of the input-output equipment is especially im¬ 
portant in data processing system, A distinction is often made between 
scientific computing systems and datarprecessing computer systems. The 
difference between the two is largely a matter of how much input-output 
equipment is used. In a-scientific application the computer performs a great 
deal of computation oh a email amount of data, A data processing appli¬ 
cation, however, performs a little bit of computation on a great deal of 
data. Many business applications, tend to he of this type. 

• 

Take the example for instance, of a large insurance company that uses a 
computer to compute and prepare the premium bills for all of its customers. 


DATA PROCESSING 


The computing problem is very simple, for there is not very much com¬ 
puting necessary to prepare the bill for each customer. But suppose there 
are half a million customers. • There must be a tremendous volume of data 
passing into and out of the computer in order that all of the data on each 
customer may be handled. 

I« this type of installation the input-output equipment is by far the busiest 
part of the whole system. Often the central computer is able to perform 
the computation much faster than the input-output units are able to supply 
the data: In this case the input-output; units would be running almost con¬ 
stantly, and the electronic circuits would nevertheless spend much of their 
time watting for new data. 

In a data processing system such as this, the central part of the computer 
is only one of a .number of units used .Typically, it is surrounded by a large 
number of input-output units and other data-processing equipment, Fre¬ 
quently this includes punched card equipment, because a great deal of data 
processing work is already being done on such equipment. It may also 
include punched paper tape equipment. 
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Can Accept data In 
Several different farms 


A computer working in a data processing system may have to accept data 
in several different forms. There are some versatile computing systems 
which can accept data from punched cards* magnetic tape, or punched 
paper tape, 

From the viewpoint of a data processing application, a digital computer 
is not just an isolated computing tool. It is pari of a system of -equipment 
for handling data automatically. Therefore the computer system is often 
tailor made for the installation. The central computer usually remains the 
same, but the amount and type of input-output equipment which is added 
to the computer varies according to the needs of, the particular installation. 
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INPUT-OUTPUT 


Magnetic Tap© Systems 

Another type of system permits no form of input and output except mag¬ 
netic tape. Magnetic tape is chosen because it is the fastest form of input 
and output available. 

Before a system of this type can deal with data that is already stored on 
punched tape or punched cards, it must transfer the data to magnetic tape. 


PRINTER 


MAGNETIC TAPE UNITS 
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CARD-TO-TARE 

CONVERTER 


COMPUTER MEMORY 


Another type of equipment, often called a converter; is necessary to do 
this. Some common types of converters are those which convert from 
punched cards to magnetic tape, and those which convert from magnetic 
tape to punched cards. These are units which automatically and at high 
speed read the data in one form and reproduce it in the other form. They 
operate independently of the main computer and therefore do not require 
computer time. 
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In a magnetic tape unit, lor example, the tape must be brought up to speed 
before reading or writing can take place at the head. In a card punch, the 
punching hammers must be accelerated and driven through the cards. In a 
high-speed printer, the paper must be moved from one line position to the 
next, and a print bar must be driven against the paper with sufficient force 
to print a number of carbons. 

All of this takes time, and it is for reasons like these that the input-output 
equipment is usually the slowest part of a computing system. The basic 
problem in input-output is the mismatch in speed between the fast elec¬ 
tronic computing circuits and the slower electromechanical input and out¬ 
put units. 

In the attempt to overcome this problem, there has been much effort to 
make the input-output equipment faster. This effort has led to the de¬ 
velopment of high-speed tape transport mechanisms and high-speed print¬ 
ing devices. 


SPEED LIMITATION OF INPUT-OUTPUT UNITS 
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INPUT-OUTPUT 

The Speed Limitation 

There is one common limitation that is shared by all forms of input-output 
equipment. All of them involve some mechanical operation. A mechanical 
operation cannot take place fast enough to match the electronic speed of 
the computer itself. Thus, input-output equipment is always slower than 
the central computer. 

In the design and maintenance of input-output equipment, the major prob¬ 
lems are not electronic, but mechanical. Here we deal not only with elec¬ 
trical pulses, but also with mechanical parts. The problem of speed becomes 
one of mechanical inertia—to accelerate a piece of equipment from a con¬ 
dition of rest to high-speed motion in a minimum amount of time. This 
problem can he minimized^ but it is always the limiting factor. 


c 


iG 







INPUT-OUTPUT 


Spevdl Of Input-Output SQuipmvtil i% lnc»at«d Sy Acc*tersHnj3 

LESSER MASS With GREATER FORCE 


Despite the fact that input-output equipment requiries mechanical motion,, 
it can be made amazingly fast. The basic limitation; as explained earlier, 
is that of mechanical inertia. Very simply stated, the chief factors in¬ 
volved in high-speed acceleration are: 

the mass of the material 

the distance it must travel, and 

the force used to accelerate it. 

First of all, the problem of design of input-output equipment is to obtain 
the best possible conditions in all three of these factors. In very simple 
terms, the high speed of mechanical operations attained in input-output 
equipment is possible because the designers have chosen to 
move a liesser mass 
a shorter distance 
with a greater force. 

There is here a rough analogy to the method of obtaining sharp rise times 
in pulse circuits in spite of the capacitance of the circuits. In circuits we 
obtain sharp rise time by charging 

a minimized capacitance 

over a smaller voltage change (as limited by clamps) 
with a larger current. 

These points can be illustrated by comparing some of the new types of 
high-speed printers with the printing mechanism in the typewriter. 

In any position a printing mechanism must be able to print any one of 
over 50 characters. To do this the typewriter carries each of the characters 
on a separate type bar (ignoring the difference between upper and lower 
case). Any one of these type bars may be chosen to come up and strike the 
carbon against the paper. 

To do this it is necessary to move a type bar 3 or 4 inches long and all of 
its attached linkages. It is not possible to move this amount of mass such 
a distance in a very short period of time. The printing rate of an average 
typewriter, even when it is made automatic, is mechanically limited to 
about 15 characters a second. 


OVERCOMING MECIiAHKA INERTIA 
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PRINTERS 



Gang Prinf®r® 

A typewriter is a. serial mechanism. It prints characters one at a time. The 
most obvious way to achieve faster printing is to go to parallel operation- 
print more than one character at a time. This is done in gang printers which 
print a whole line at a time. The most common example of a simple gang 
printer can be found in an adding or accounting machine. 


In A GANG PRINTER 


AH Type Bars Are Raised 
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Before The Hammers 
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In this type of printer, each of the type bars contains all of the characters 
that can be printed. The machine selects the proper character by raising 
the type bar until the selected character is in line with the hammers, which 
actually do the printing. AH of the hammers strike simultaneously. 

Moving the type bar is the time-consuming part of this printing process. 
It requires moving a long and relatively heavy piece of metal for a con¬ 
siderable distance, Therefore this type of printing, while fast compared 
with the typewriter, is still slow to accommodate computer output. 






PRINTERS 



Wheel Type Printers 

Another variation has the characters arranged around the face of a printing 
wheel instead of atopg a straight print bar* This wheel is kept rotating so 
that all of the characters, in turn, ate continuously passing by the printing 
station or the row of hammers. All that is necessary then is to have each 
hammer strike as the proper character goes by. If the hammer strikes very 
sharply the printed character will not be blurred even though the type face 
is moving past at a very highspeed. 
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TH$ WHEEL TYPE PRINTER Minimizes The Problem 


of Mechanical Inertia 


This type of mechanism is capable of higher speed because it dodges some 
of the problems of inertia. The type is continually spinning, and therefore 
heed not be accelerated. Only the hammer need be accelerated. The hammer 
can be a small, light piece so that there is not much mass to accelerate. 

It is also possible to place it close to the paper so that there is not much 
distance to move. If it is pulled in by a powerful force (such as a magnet) 
it is capable of very rapid operation. Some devices using these basic prin¬ 
ciples can print at the rate of several hundred lines per minute. 
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Wire Printers 

Another ingenuious type of printing mechanism that is capable of very 
high speed is the wire or reed printer. This printer does not use any single 
type bar. Instead of selecting a type face that is already formed, it actually 
forms each character at the time of printing. The printing head is a matrix 
of fine wires. Each of these wires is individually controlled. Each is like 
a tiny hammer capable of flying out and striking the paper. The printer 
actually forms each character by selecting the proper pattern out of the 
matrix'of wires. 


All" of the wires at the printing heads fan out to magnet selectors in the 
control mechanism. Any character can be selected by pulling in the proper 
combination of magnets. We can see how several characters can be formed' 
by a 5 x 7 matrix of wires. 

Some other significant work is being done hot only to enable the shape of 
the character to be formed automatically, but also to enable a character to 
be recognized automatically by its shape, when a document is read back into 
a reading unit. : 
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Motjnetlc Tups TVtmisporlB 

Magnetic tape equipment was developed and became popular because it is 
the fastest method of direct input and output for a computer. 

There are two types of problems associated with magnetic tape equipment. 


TAPE RECORD HEAD 


One is concerned with reading and writing the data magnetically. The 
other is concerned with accelerating the tape. The recording principles are 
similar to those already discussed in' relation to drum memories, and need 
not he repeated here. The tape transport problems concern us here, for they 
are peculiar to the input-output equipment. 

The computer tape transport unit is essentially the same type of device 
as an audio tape recordei that might be used for playing music or record¬ 
ing a lecture. But the transport mechanism—the mechanism which accel¬ 
erates and guides the tape—is made td operate at a much higher speed. Most 
home tape recorders operate with a tape speed of 7.5 inches a second- Com¬ 
puter tape transports sometimes operate at tape speeds above 100 inches a 
second. 
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Tape Loops 

The high speed makes the job of acceleration more difficult. The tape trans¬ 
port unit must start the tape and accelerate it to this high speed rapidly— 
in the order of 5 to 10 milliseconds. It must stop the tape in a similarly 
short time. 

Again we are pushing against the limitations of mechanical inertia; Again 
the solution is along the same lines. Most tape transport units use an in¬ 
genious device for reducing the mass that must be accelerated at high speed 
to a minimum. This is done by tape loops that separate the heavy tape reels 
from the working part of the tape that is under the recording head. 


r*ei drive 


w. inertia system 


The reels, with several hundred feet of tape wrapped on them, are too 
heavy to accelerate in the short time that is desirable. Typically, a separate 
driving source is used for the center portion of the tape and for each of 
yhe reels. Only the center drive or tape drive system need be capable of 
th high acceleration rate. The reels can be accelerated up to speed at a 
somewhat lower rate. 

The two loops form tape reserviors for the tape drive system. During the 
first few milliseconds of acceleration, the tape drive system pulls tape out 
of one loop (which becomes shorter) and puts it into the second loop (which 
becomes longer). The heavy reels have more time to accelerate. Their job 
is to put more tape into the feeding loop before it gets too short, and to 
take tape out of the take-up loop before it gets too long. 

The loops, then, buffer the heavy reels out of the high-acceleration tape- 
drive system. This minimizes the inertia in the high-acceleration system. 

The tape drive need only accelerate the mass of a few feet of tape and a 
few light pulleys. 


TAPE TRANSPORT 
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There are several types of tape-drive systems. We show a common and 
simple type that is also used in audio tape recorders. In this type, the 
drive capstan,, which drives the tape, is kepi rotating constantly so that it 
need not be brought up to speed when it accelerates the tape. The tape 
passes between the constantly rotating capstan and a free-rolling pinch 
roller. When the tape is at rest, there is a small amount of space between 
the drive capstan and the pinch roller. To drive the tape, it is necessary 
only to move the pinch roller, a short distance to force the tape against 
the drive capstan. This action can be accomplished very quickly by magnet 
control. . 
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Loop Control 

The job of the reel drives is to keep the tape loops at approximately the 
right length. If the loop is too short, the reel drive must provide more tape 
to lengthen it. If the loop is too long, the reel drive must take up some tape 
to shorten it. The reel drive must work equally well whether the reel is 
heavy with tape or almost empty. Usually, tape transports are capable of 
operating in either direction. 

Typically, there is a servosystem between each loop and its tape drive. 
The length of the loop is sensed. If it becomes too long, the loop-size 
sensing device signals the tape drive to take up tape. If it becomes too 
short, the sensing device signals the tape drive to deliver tape. 
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Usually the tape loops are loaded or held down in some way. This main¬ 
tains tension throughout the tape system and helps bold the tape snugly 
against the head. 

Sometimes loop tension is provided by a spring. In this case, the tape passes 
around a pulley at the bottom of the loop and the pulley is urged down¬ 
ward by a spring. Another method of obtaining loop tension is in a vacuum 
chamber, where each loop hangs in a chamber into which the tape fits 
snugly. The -tape divides the chamber into two parts. Air is partially evacu¬ 
ated from the bottom part so that that area is under reduced pressure. The 
top part is at atmospheric pressure. The greater atmospheric pressure 
pushes the loop down and thus maintains a small amount of tension on 
the loop. 

When a vacuum chamber is used, the loop size is sometimes sensed by 
vacuum switches, wbich are actuated by the pressure at different levels in 
the chamber. Since there is a difference in pressure above and below the 
tape, these switches operate as the tape passes the ports which control them. 
Signals from the vacuum switches keep the reel drives informed of the 
length of the loops. . ‘ 
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Use of Input-Output 

So far, we have considered some of the characteristics of an individual 
tape unit. A system depending upon the use of magnetic tape would 
typically use a number of tape units operating; under control of a single 
computer. Each of the units is simply a tape recorder capable of either 
reading from or writing on the tape. Any unit may be used either as an 
input or an output unit, or both, depending upon the program selected. 

Each of the tape units is addressable, that is, each is assigned a number 
by which the programmer can call for it. The programmer can call for 
reading or writing on any tape units just as he can call for reading or 
writing in any memory location. 
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A tape unit may be used for a number of functions such as data input, 
data output, program input or temporary storage of data which will later 
be read back into the computer. Storage of tables that are needed for com¬ 
putation also is an important function of tape units. 

One way that a tape system might be used to perform a simple payroll 
problem is shown. Note that each tape unit is serving a different function. 
The programmer is free to select any tape transport unit he chooses to 
serve any one of these functions,. 

In a punched card system, the program could be run in the same way, 
except that the same type of equipment is not used for both input and out¬ 
put, as in the case of tape transports. Some, type of card reader is used 
for input, and card punchers and printers for output. 
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Card-Handlingf 

Mast punched-card equipment was not developed specifically for computers 
but adapted from punched-card data-processing units. The mechanical 
limitations on card-handling equipment are even more severe than those 
on tape transports. In essence, a card unit is a mechanism for the high-, 
speed transport of punched cards from an input hopper to an output 
stacker. In card readers, the cards pass under a reading station; in card 
punchers they must pause under a punch station while a selected combina¬ 
tion of knives punch in the data. One card holds up to 80 digits of data. 
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Card reading is most frequently accomplished by flexible, wire, brushes that 
ride against the card and make electrical contact through the card when 
a hole goes by. Sometimes, holes are sensed photoelectdcally. The normal 
reading rate for computer input is about 200 to 250 cards a minute. Punch¬ 
ing is slower. It is difficult to punch much more than 100 cards a minute. 
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Control of Input-Output 
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The equipment used for input and output is electromechanical. It is basi¬ 
cally different from the electronic equipment used in the main computer, 
and therefore requires a different type of control. Usually, there is a 
separate unit for the control of the input-output system. 
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This unit takes its cue frpm the computer. It contains a switching network 
to select the required unit for input or output, It starts, stops; and syn 
chronizes the operation of all input-output units. 
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INPUT-OUTPUT UNITS 


Data Synchronizing 




Data Synchronizers Act as Duffer Units 
between the High - Speed Computer and 
slew Input-output Units. 

The data-synchronizing circuits shown are needed to handle the data as it 
passes between the memory and the tape unit or card unit. In an individual 
system, the data synchronizer may be called upon to perform any one or 
more of the three following jobs: 

1. Change of Code. Sometimes the code used in input-output is different 
from that used within the computer, particularly in the case of punched 
cards. In this case, the synchronizing circuits must translate from one code 
to the other as the data passes through. 

2. Change of Form. Tape units usually handle data in bit-parallel, digit- 
serial form. Cards also are generally read in partially-parallel, partially- 
serial form. If the computer uses a different form of data handing, such as 
fully-serial or fully-parallel, the synchronizing unit must change the form 
as the data passes through. 

3. Change of Timing. This is the biggest job. Input-output units always 
handle data at a slower rate than the computer memory. In the input process, 
the synchronizer must accept data from tape or cards at the slower rate, 
and pass it on to the computer memory at the faster rate. In the output 
process, it must do the opposite. 

Magnetic shift registers, such as described in Vol. II, are especially useful 
for synchronizing. They can accept data in at one rate; read it out at an¬ 
other. They can accept data in parallel form and shift it out in serial, or 
accept it in serial form and shift it out in parallel. 
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INPUT-OUTPUT UNITS 


Buffer Memory 


MAIN 
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MEMORY 


MEMORY 


At TAPE Speed 


At HIGH Speed 


With buffer memories, the input-output equipment does not deal directly 
with the computer memory and, therefore, the computer does not have to 
be tied up during the slow input-output process. The slower part of the 
transfer takes place between the buffer memory and the tape or card equip¬ 
ment. During this time, the computer can perform other instructions. The 
tape or card equipment has a control unit of its own and is not dependent 
upon the computer. The computer need be interrupted only long enough 
for a high-speed transfer of a large block of data between the buffer 
memory and the computer memory. 

Consider; how a computer with buffer memory might write output data 
onto a tape unit. This would require that the computer (1) select the tape 
unit and start accelerating the tape, and (2) transfer the data from its 
memory to the buffer memory. As soon as the tape is selected and the 
transfer from its own memory completed, the computer can end the output 
instruction and go on to fetch the next instruction. The transfer from 
buffer memory to tape can take place under direction of the tape control. 

For input, the buffer memory must be filled up in advance. Then, when an 
input instruction occurs, the computer can simply (1) transfer the data 
from buffer memory to computer memory, and (2) select an input unit to 
fill up the buffer memory once more so that the buffer memory can be 
teady for a fast transfer next time data input is required. 

Computer systems that do not have buffer memories for input and output 
can gain some of the same advantages by rising two instructions for each 
tape operation, rather than one. The first of these instructions merely 
selects the tape unit and starts accelerating the tape in anticipation of 
reading or writing. During the time When the tape is coming up to speed, 
the computer performs a few other instructions before it comes to the read 
or write instruction which controls the data transfer between computer 
memory and tape. 

Buffer memories are particularly important with the slower punched card 
units. With cards, it is reasonable to use several buffer memories, one for 
each reader, printer or punch. It is possible to keep several pieces of card 
equipment operating at the same time. This provides a reasonable match in 
speed between the input-output and the computing circuits. 





PHYSICAL LAYOUT 


COMPLETC OATA-PROCiSSm SYSTEM 


INPUT-OUTPUT UNITS 


A Typical System 

Most modern large computing systems are packaged in the form of several 
separable units. More or fewer units can be used, depending upon the needs 
of the individual application. The illustration gives an idea of the units 
that might be included in a computing system used for data processing. 


POVVES Y 


COMPUTER 


TAPE PUNCH 























REVIEW 



Tape reel-drive motors keep the 
tape, loops at approximately the 
right length. Usually, there is a 
servosystem between each tape loop 
and its reel-drive motor. The length 
of the loop is sensed and the tape- 
drive motor is signalled to take the 
proper restoring action. When a 
vacuum chamber is used, the loop 
size is sensed by vacuum switches 
which are actuated by the differ¬ 
ence of pressure between the top 
and the bottom of the tape loop. 
Signals from these vacuum switches 
keep the reel-drive motors informed 
of the length of the loops. 
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The equipment used for input and 
output is electromechanical. It is 
basically different from the elec¬ 
tronic equipment used in the main 
computer and therefore requires a 
different type of control. The card- 
system control unit takes its cue 
from the computer. Its switching 
network selects the required unit 
fot input and output. It starts, 
stops and synchronizes all the com¬ 
puter card-handling equipment. 
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The wheel type printer is an mput- 
outpvit mechanism which can oper¬ 
ate at extiaordinarily high speeds 
because it dodges Some of the prob¬ 
lems of inertia. The type is on the 
face of a wheel which spins con¬ 
tinuously, obviating acceleration 
time. The hammer, also small, light 
and no acceleration problem, is 
pulled in by a powerful magnet to 
quickly strike the paper. Some 
printers using this basic- principle 
are capable of printing several 
hundred lines a minute. 
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INDEX TO VOL III 


(Note: A cumulative index covering all three volumes in this series 
will be found at the end of this index.) 


Access time: 
control of, 3-90-91 
drum, 3-9 
tape, 3-8 

Accumulation, 3-57 
Address: 

comparator, 3-24-25 
counter, 3-25 

of input-output units, 3-122 
modification of, 3-105 
register, 3-85-87, 105 
tracks, 3-25 
Address selection: 
control of, 3-90-91 
in core memories, 3-36 
in drum memories, 3-20-25 
in input-output units, 3-124 
Amplifiers: 
read, 3-18-19, 22-23 
recirculation, 3-73-74 
sense, 3-32 
write, 3-18, 22-24 
AlVD-elements: 
as clock gates, 3-70-72, 74, 79 
control, 3-94 
data-transfer, 3-94 
in control unit, 3-91, 93-103 
in registers, 3-56-57 
inhibition of, 3-67-68, 97 
of cores, 3-28 
timing at, 3-65-74 

Babbage, C., 3-81 
Basic timing pulses, 3-36, 44, 
48, 53-54 
Bit time, 3-40-42 

Clock gates, 3-70-72, 74, 79 
Clock pulses, 3-69-72, 74, 79 
Coincident-current, 3-29-31 
Control unit, 3-80-105 


Converter: 

punched cards-magnetic tape, 
3-112 

serial-parallel, 3-33, 88,125 
Counters: 

in address selection, 3-25 
in control, 3-26, 91-93 
in timing pulse unit, 3-49-51 
Coupling: 

coded pulse trains, 3-77 
Decoders: 

in control unit, 3-89, 93, 103 
operation decoder, 3-89 
with counters, 3-93 
Delay lines: 

in registers, 3-2, 6, 60, 62-63, 71 
in timing pulse unit, 3-51, 71 
Digit pulses, 3-44-45, 48-51, 54 
Diodes, in head-switching, 3-22-23 
Distribution, 3-88 

Encoders, in control, 3-103 
End-instruction signal, 3-95, 98-99 
Eniac computer, 3-1 

Fetch cycle, 3-81-82, 95, 104-105 
Flip-flop: 

in timing pulse units, 3-46-47, 50 
input signals, 3-69-70 

Half-select pulse, 3-27-29 
Head switching: 
biased-diode, 3-22-23 
relay, 3-20-21 

High-speed printers, 3-114-117 

Inhibit drivers, 3-34-35 
Inhibitory signals, 3-34-35, 67-68, 97 


(3-129) 


Digitized by CjOOQIC 


Original from 

UNIVERSITY OF MICHIGAN 



INDEX 


Input-output, 3-7, 3-107-127 
as data memory, 3-7 
buffer memories, 3-126 
card-handling, 3-123 
control of, 3-124,126 
mechanical limitations of, 
3-113-114 

methods of, 3-108-109 
printers, 3-114-117 
synchronizing of, 3-125-126 
system types, 3-110-112,127 
tape transports, 3-118-121 
use of, 3-122 

Instruction register, 3-85-88 
Instruction word, 3-82-84 
Inversion: 

in flip-flop, 3-47 
in transformers, 3-73 


Loops: 

delay line, 3-2, 51, 71 
drum, 3-10-11, 56-57, 59-60, 62-63 
subdivider, 3-98-99 
tape, 3-119, 121 


Magnetic core memory: 
address selection, 3-36 
compared with other types, 

3-5-7, 26 
planes, 3-31-32 

principle s of coincident-current, 
3-27-29 

reading, 3-30, 33 
writing, 3-34-35 
Magnetic drum memory: 
access time, 3-9 
compared with other types, 

3-6, 26 

fundamentals of magnetic 
recording, 3-12-17 
head switching, 3-20-23 
introduction, 3-4, 6-7 
read amplifiers, 3-18 
time selector, 3-24-25 


two-headed loops, 3-10-11, 56-57, 
59-60, 62-63 

synchronizing, 3-52-54 
write amplifier, 3-18 
Magnetic head, 3-13 
Magnetic recording: 
fundamentals of, 3-12-17 
pulse density of, 3-14, 76-78 
Magnetic shift register, 3-33, 55, 
61, 88, 125 

Magnetic switch, 3-36 
Magnetic tape: 
access time, 3-8 
control of, 3-124,126 
fundamentals of magnetic 
recording, 3-12-17 
loop control, 3-121 
loops, 3-119, 121 
servo, 3-121 
tape drive, 3-120 
transports, 3-118-121 
uses of, 3-109,111-112,122 
Memory: 
back-up, 3-7 
buffer, 3-26 

cathode-ray tube, 3-3, 6 
input-output, 3-7 
magnetic core, 3-5-7, 26-36 
magnetic drums, 3-4, 6-25, 52-54, 
56-57, 59-60, 61-63 
mercury delay lines, 3-2, 6 
types of, 3-1-6 

Multiplication operation, 3-98-99 
Multivibrator, free-running, 3-36 

Non-return-to-zero data 
representation, 3-75-79 
Non-standard timing, 3-60 

Operation decoder, 3-89 
Operation register, 3-85-89 
Oi?-elements, in control, 3-103 
Oscillator, timing, 3-36, 52-54 
Oscilloscope, use of, 3-43 
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Printers: 
gang, 3-115 
typewriter, 3-114 
wheel, 3-116 
wire, 3-117 

Punched cards, 3-109-112, 122-126 
Punched paper tape, 3-109, 111 
Pulse density, 3-15, 76-78 

Pulse envelope data representation, 
3-75-79 
Pulses: 

basic timing, 3-36, 44, 48, 53-54 
clock, 3-69-72, 74, 79 
digit, 3-44-45, 48-51, 54 
half-select, 3-27-29 
word, 3-44-46, 49-50, 54 
Pulse timing and waveshapes, 
3-64-79 

Pulse transformers: 
in magnetic switches, 3-36 
in recirculating amplifiers, 

3-73-74 


Read amplifiers, 3-18-19, 22-23 
Register: 

address, 3-85-87, 105 
drum loop, 3-10, 11, 56-57, 59-60, 
62-63 

dynamic shift, 3-62-63 
instruction, 3-85-88 


magnetic shift, 3-36, 55, 61, 88,125 
operation, 3-85-88 
Retiming, 3-3, 71-72, 74, 79 
Revolver, 3-10-11, 56-57, 59-60, 62-63 
Rise-and fall-time, in AND 
elements, 3-64-70, 74 

Seac computer, 3-73 
Shift operation, 3-61-63 
Signals, static timing, 3-46-47, 50, 93 
Spikes, 3-68,70 
Standard timing, 3-59 
Subdivider, 3-90-93, 95-99 
Synchronizing: 
drum memories, 3-52-54 
input-output data, 3-125 

Timing pulses: 
basic, 3-36, 44, 48, 53-54 
clocks, 3-69-72, 74, 79 
digit, 3-44-45, 49-51, 54 
identification of, 3-48 
on magnetic drums, 3-52-54 
Time scale, 3-35-48 
Time selection, 3-24-25 
Trouble-shooting, 3-43, 92, 108 

Word, instruction, 3-81-84 
Word pulses, 3-44-46, 49-50, 54 
Write amplifier, 3-18, 22, 23 
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Abacus, 1-5 
Access time: 

control of, 3-90-91 
drum, 3-9 
tape, 3-8 

Accumulation, 1-55; 3-57 
Adders, 1-32-33, 41, 54-55, 98, 110 
binary table, 2-128-129 
full, 2-127-129 
half, 2-123-125, 127 
inputs, 2-6 
quarter, 2-126 
Addition, 1-4, 33, 52-55 
Address, 1-85-89 
comparator, 3-24-25 
counter, 3-25 

of input-output units, 3-122 
modification of, 1-110-111; 3-105 
register, 3-85-87, 105 
tracks, 3-25 
Address selection: 
control of, 3-90-91 
in core memories, 3-36 
in drum memories, 3-20-25 
in input-output units, 3-124 
Address selector, 1-88 
Algebra, 1-59, 61, 72 
Amplifiers: 
clamped, 2-34-35, 59 
efficiency, 2-60 
gating levels, 2-55, 71 
magnetic, 2-97-98 
read, 3-18-19, 22-23 
recirculation, 3-73-74 
rise-time, 2-56-59 
sense, 3-32 
signal flow, 2-44 
write, 3-18, 22-24 
AATD-elements: 

as clock gates, 3-70-72, 74, 79 
as inhibition, 2-107 
cascaded, 2-110 
control, 3-94 
data transfer, 3-94 
diode circuit, 2-44-45, 47 
gating levels, 2-55 
in adders, 2-124, 127-129 
in control unit, 3-91, 93-103 
in counters, 2-18, 20 
in decoders, 2-103-110 
in registers, 3-56-57 
in sign comparators, 2-11-12 


inhibition of, 3-67-68, 97 
of cores, 3-28 
operation of, 2-2-4 
timing at, 3-65-74 
with delays, 2-20 
Arithmetic operations, 1-51-75 
Arithmetic unit, 1-12, 14, 20, 22, 32, 77-78 

Babbage, C., 1-13-15, 17, 77, 89; 3-81 
Babbage’s Folly, 1-13-15 
Basic timing pulses, 3-36, 44, 48, 53-54 
Binary, 
addition, 1-33 

computers, 1-32, 35, 48, 73-79, 108 
counters: 

advantages and disadvantages, 2-116 
operation of, 2-15-18 
short-counting, 2-117 
with decoders, 2-104-106, 108, 116 
counting system, 1-30-35 
Bit time, 3-40-42 
Branching, 1-105 
Branching on equality, 2-125 
Buffer, 2-5 

Burroughs, W. S., 1-10 


Calculators, 1-11-12 
Capacitance: 

as delay in core transfer, 2-93 
effect on clamp circuit, 2-36-38 
effect on rise-time, 2-56-60 
Carry, 1-8, 38, 57, 60, 67-68; 2-14, 16-17, 
99, 119, 123-124, 127-129 
automatic, 1-9 
Clamps: 

in amplifiers, 2-34-35, 53-55 
in capacitive circuits, 2-36-38 
operation of, 2-13-33 
Clock gates, 3-70-72, 74, 79 
Clock pulses, 3-69-72, 74, 79 
Codes, 

decimal, 1-26-27, 37-44, 48 
alphabetic, 1-44 
alphameric, 1-44 
binary, 1-48 
bi-quinary, 1-27, 42 
checking, 1-42-43 
excess-3, 1-40 
Coincidence detector, 2-4 
Coincident-current, 3-29-31 
Collection, 2-95 


(3-132) 


Digitized by 


Original from 

UNIVERSITY OF MICHIGAN 



INDEX 


Complements, 1-39-40, 57-60, 66-68; 2-17, 
115 

in control unit, 3-89, 93, 103 
logical symbolization, 2-106 
operation, 2-101-102; 3-89 
troubleshooting note, 2-107 
two-stage, 2-109-110 
with counters, 2-108, 115-118; 3-93 
Computers, 

a-c and d-c, 2-62 
binary, 1-35 

binary-coded decimal, 1-37 
bit-parallel, digit-serial, 1-49 
decimal, 1-36 
floating point, 1-109 
four-address, 1-90-91 
two-address, 1-92 
parallel and serial, 1-46, 49 
single-address, 1-97 

Control address, 1-90, 97-98, 103-109, 111 
Control address register, 1-97-98 
Control unit, 1-4, 12, 14, 22, 78-81; 

3-80-105 
Converter: 

punched cards-magetic tape, 3-112 
serial-parallel, 2-95; 3-33, 88, 125 
Core-and-diode circuits, 2-98 
Counters: 

binary, 2-15-18, 116-117 
core, 2-91-93, 118-122 
in address selection, 3-25 
in control, 2-114; 3-26, 91-93 
in timing pulse unit, 3-49-51 
multiplier, 2-114 
multi-stage, 2-119-122 
multi-state core, 2-99 
quotient, 2-114 
ring, 2-13-14, 91-93, 118-120 
shift, 2-114-115 
short-counting, 2-117, 122 
subdivider, 2-114 
Counting systems, 
decimal, 1-24-25 
binary, 1-30-35 
duodecimal, 1-29 
octonary, 1-29 
Counting wheel, 1-7 
Coupling: 
basic types, 2-62 
coded pulse trains, 2-66; 3-77 
crossover, 2-71, 72 
of multivibrators, 2-76 
pulses through RC circuit, 2-67-70 
static signals, 2-64, 71 
timing pulses, 2-65 
Crossover coupling, 2-71-72 


Damping, 2-39-41 
Data, 

conservation of, 1-96 
keeping track of, 1-87 
transfer, 1-84-96, 101 
D-c restoring, 2-36-38, 69-70 
Decoders: 

diode circuits, 2-103-105 
Delay: 

compensating, 2-20 
operation, 2-19 
Delay lines: 

in registers, 3-2, 6, 62-63, 71 
in timing pulse unit, 3-51-71 
Delay multivibrator, 2-21-22 
Digit pulses, 3-44-45, 48-51, 54 
Diodes: 

AND- circuit, 2-44-45, 47, 110 
as switches, 2-29-30 
clamping and limiting, 2-31-35, 53-55 
comparison of crystal and tube types, 
2-24-25 

current and voltage limitations, 2-28 
damping, 2-39-41 
d-c restoring, 2-36-38, 70 
disconnect, 2-42-43, 98 
forward and back resistance, 2-27 
in core transfer loops, 2-89-90, 93 
in head switching, 3-22-23 
in magnetic amplifiers, 2-97 
OR-circuit, 2-46-47 
Distribution, 2-95; 3-88 
Division operation, 1-66-72, 74 
Duodecimal counting systems, 1-29 

Echo check, 2-125 
Encoders: 
decimal, 2-112 
in control, 3-103 
operation, 2-101, 111-112 
whiffletree, 2-113 
End-instruction signal, 3-95, 98-99 
Eniac computer, 1-20, 24, 26; 2-49; 3-1 
Equality detector, 2-125 
Error checking, 2-125 
Exclusive-OR, 2-126 

Fetch cycle, 3-81-82, 95, 104-105 
Flip-flop, 1-19 
circuit, 2-71-74 

comparison with magnetic core, 
2-80-82, 84 

comparison with other multivibrators, 
2-76 

disconnecting inputs, 2-43 
in counters, 2-14-18, 116-117 
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in sign comparators, 2-11-12 
in timing pulse units, 3-46-47, 50 
input signals, 2-75; 3-69-70 
logical operation, 2-7-10 
Floating point, 1-109 

Gates, 1-80; 2-1-2 
Gating level, 2-55-71 

Half-adder, 2-124-125, 127 
Half-select pulse, 3-27-29 
Head switching: 
biased-diode, 3-22-23 
relay, 3-20-21 

High-speed printers, 3-114-117 
Hysteresis loop, 2-82-84 

Inhibit drivers, 3-34-35 
Inhibitory signals, 3-34-35, 67-68, 97 
Input-output, 3-7, 107-127 
as data memory, 3-7 
buffer memories, 3-126 
card handling, 3-123 
control of, 3-124, 126 
mechanical limitations of, 3-113-114 
methods of, 3-108-109 
printers, 3-114, 117 
synchronizing of, 3-125-126 
system types, 3-110-112, 127 
tape transports, 3-118-121 
units, 1-22, 99; 2-101 
use of, 3-122 
Instruction: 
address transfer, 1-111 
arithmetic, 1-101 
branch, 1-102-106 
data-transfer, 1-94-96, 101 
input-output, 1-99-101 
list, 1-101 
register, 3-85-88 
shift, 1-108 

Instruction word, 1-90-95, 97; 3-82-84 
four-address, 1-91, 97 
single address, 1-97 
two-address, 1-92, 94-95, 97 
Inversion: 
in core circuits, 2-88 
in flip-flop, 2-8^ 10, 17; 3-47 
in multivibrator, 2-21, 22 
in transformers, 3-73 
representation of, 2-10 
Inverter, 2-128, 129 

Liebnitz, G. W., 1-6 
Limiters, diode, 2-33 


Loops, 1-102-104 
delay line, 3-2, 51, 71 
drum, 3-10-11, 56-57, 59-60, 62-63 
subdivider, 3-98-99 
tape, 3-119, 121 

Magnetic amplifier, 2-97-98 
Magnetic core memory: 
address selection, 3-36 
compared with other types, 3-5-7, 26 
planes, 3-31-32 

principles of coincident current, 
3-27-29 

reading, 3-20, 33 
writing, 3-34-35 
Magnetic cores: 
amplifiers, 2-97-98 
basic properties of, 2-78, 79 
basic transfer loop, 2-89 
comparison with flip-flop, 2-80-81, 84 
conditional transfer loops, 2-90 
continuous output from, 2-96 
counters, 2-91-93, 118-122 
hysteresis loop, 2-82-84 
impedance of windings, 2-87-88 
ping-pong, 2-96 
reading out of, 2-85-88,97, 99 
shift registers, 2-94-95 
signal-to-noise ratio, 2-86 
split-winding, 2-90 
Magnetic drum memory: 
access time, 3-9 

compared with other types, 3-6, 26 
fundamentals of magnetic recording, 
3-12-17 

head switching, 3-20-23 
introduction, 3-4, 6-7 
read amplifier, 3-18 
time selection, 3-24-25 
two-headed loops, 3-10-11, 56-57, 
59-60, 62-63 
synchronizing, 3-52, 54 
write amplifier, 3-18 
Magnetic head, 3-13 
Magnetic recording: 
fundamentals of, 3-12-17 
pulse density of, 3-14, 76-78 
Magnetic shift register, 3-33, 55, 61, 

88, 125 

Magnetic switch, 3-36 
Magnetic tape: 
access time, 3-8 
control of, 3-124, 126 
fundamentals of magnetic recording, 
3-12-17 

loop control, 3-121 
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loops, 3-119, 121 
servo, 3-121 
tape drive, 3-120 
transports, 3-118-121 
uses of, 3-109, 111-112, 122 
Memory, 1-13-15, 22, 77-78, 82-89, 96 
back-up, 3-7 
buffer, 3-126 
cathode-ray tube, 3-3, 6 
input-output, 3-7 
magnetic core, 3-5-7, 26-36 
magnetic drums, 3-4, 6-25, 52-54, 56-57, 
59-60, 61-63 

mercury delay lines, 3-2, 6 
types of, 3-1-6 
Mill, 1-4, 77 
Modulus, 2-13 

Multiplication operation, 1-62-65, 72-73: 
3-98-99 

Multiplier counter, 2-14 
Multivibrator: 
free-running, 2-76; 3-36 
one-shot, 2-21-22, 76 
types of, 2-76 

Napier, J., 1-6 

Non-return-to-zero data representation, 
3-75-79 

Non-standard timing, 3-60 

Octonary counting system, 1-29 
Operation decoder, 3-89 
OR-element: 
diode circuit, 2-46-47 
exclusive, 2-126 
in adders, 2-124, 127-129 
in control, 3-103 
in encoders, 2-111-113 
in sign comparator, 2-11-12 
operation of, 2-2, 5-6 
whiffletrees, 2-113 
Oscillator, timing, 2-36, 52-54 
Oscilloscope, use of, 3-43 

Pascal, B., 1-6-10, 26 
Ping-pong, 2-96 
Printers: 
gang, 3-115 
typewriter, 3-114 
wheel, 3-116 
wire, 3-117 
Program store, 1-89 
Programming, 1-15, 21, 76-113 
automatic, 1-113 
Programmer, 1-21, 82 
Pulse density, 3-15, 76-78 


Pulse envelope data representation, 
3-75-79 

Pulse repetition rate, 2-63 
varying, 2-69-70 

Pulse timing and waveshapes, 3-64-79 
Pulse trains: 
coded, 2-66 
d-c level of, 2-67-70 
timing, 2-65 
Pulse transformers: 
damping of, 2-39-41 
for impedance matching, 2-60-61 
in magnetic switches, 3-36 
in recirculating amplifiers, 3-73-74 
Pulses: 

basic timing, 3-36, 44, 48, 53-54 
clock, 3-69-72, 74, 79 
digit, 3-44-45, 48-51, 54 
half-select, 3-27-29 
word, 3-44-46, 49-50, 54 
Punched cards, 3-109-112, 122-126 
Punched paper tape, 3-109, 111 

Quarter-adder, 2-126 
Quotient counter, 1-69; 2-114 

Read amplifier, 3-18-19, 22-23 
Register, 1-47-48, 96 
address, 3-85-87, 105 
drum loop, 3-10, 11, 56-67, 59-60, 62-63 
dynamic shift, 3-62-63 
instruction, 3-85-88 
magnetic core shift, 2-94-95 
magnetic shift, 3-36, 55, 61, 88, 125 
operation, 3-85-88 
Relay, 1-16, 19 
Restoring, 1-67 
Retiming, 3-3, 71-72, 74, 79 
Revolver, 3-10-11, 56-57, 59-60, 62-63 
Ring counter, 1-20; 2-13-14, 91-93, 
118-120 

Rise-and-fall time: 
in AND-elements, 3-64-70, 74 
in tube circuits, 2-56-59 
Routines: 
executive, 1-113 
sub-, 1-112 

Scaling, 1-107-109 

Seac computer, 3-73 

Shift counter, 2-114-115 

Shift operation, 2-114-115; 3-61-63 

Shift register, magnetic core, 2-94-95 

Short-counting, 2-117, 122 
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Signal flow: 

core-and-diode circuits, 2-98 
tube-and-diode circuits, 2-54, 55 
Signals: 

basic types of, 2-63 
coded pulse trains, 2-66 
continuous periodic pulse trains, 2-65 
static, 2-64, 71 
static timing, 3-46-47, 50, 93 
Sign comparator, logic, 2-11-12 
Soroban, 1-5 
Spikes, 3-68, 70 
Standard timing, 3-59 
States, 1-19 
binary, 1-45 
Stepping switch, 1-17 
Store, 1-4, 77 
Subdivider, 3-90-93, 95-99 
Subdivider counter, 2-114 
Subroutine libraries, 1-112 
Subtraction operation, 1-56-61 
Switching front, 2-83 
Synchronization: 

by magnetic shift register, 2-95 
by univibrator, 2-22-23 
Synchronizing: 

drum memories, 3-52-54 
input-output data, 3-125 

Timing pulses: 

basic, 3-36, 44, 48, 53-54 
clocks, 3-69-72, 74, 79 
coupling of, 2-65 
digit, 3-44-45, 49-51, 54 


identification of, 3-48 
in core circuits, 2-92, 97 
on magnetic drums, 3-52-54 

Time scale, 3-35-48 
Time selection, 3-24-25 
Toggle, 2-7 
Transformers: 
damping, 2-39-41 
for impedance matching, 2-60- 62 
Translator, 2-102 
Trigger, 2-7 

Troubleshooting, 3-43, 92, 108 
AND-e lements, 2-107 
use of block diagrams, 2-1 
Tube-and-diode circuits, signal 
considerations, 2-54-55 


Univibrator, 2-21-22 

Vacuum tubes: 
binary use of, 2-51, 52 
rise-and-fall time, 2-56-59 
use in computers, 2-49-50 
use of clamps with, 2-53-55, 59 

Whiffletree, 2-113 
Word, definition: 
data, 1-47-48 
instruction, 1-90 
Word, instruction, 3-81-84 
Word pulses, 3-44-46, 49-50, 54 
Write amplifier, 3-18, 22, 23 
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